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Summary 
Freshwater systems play a central role in the biogeochemical cycling of carbon (C). They 
transport organic and inorganic C from the terrestrial biosphere to the oceans, yet this transport of C 
is not passive, and freshwater systems produce, degrade, or store organic C, and exchange C with 
the atmosphere. Inland water bodies represent “hotspots” of C processing: although they cover a 
limited surface of the Earth (~0.5%), their contribution to the global C cycling is substantial in 
comparison with marine and terrestrial ecosystems. During the last decade, a new paradigm 
progressively emerged proposing that respiration of organic matter exceeds autochthonous 
production in freshwaters ecosystems, meaning that they are predominantly net heterotrophic. This 
concept seems to hold especially true for oligotrophic, unproductive ecosystems, where the C cycle 
would be dominated by substantial inputs of allochthonous organic matter of terrestrial origin, 
which support the growth of heterotrophic organisms. This has important implications, because net 
heterotrophy has been recognised as one of the main cause for the net emission of CO2 emissions 
from freshwaters ecosystems to the atmosphere. In contrast, eutrophic ecosystems would tend to be 
net autotrophic. However, our current knowledge on C dynamics in freshwater ecosystems is still 
largely of an empirical nature, and hence could be biased because most of the observations were 
gathered in medium to small systems, located in the temperate and boreal regions of the world. 
Large (> 250 km²) tropical lakes, especially in Africa, have been consistently undersampled 
although they differ from temperate lakes in some fundamental characteristics.  
This study provides evidence that Lake Kivu represents an example of a large tropical lake 
being net autotrophic, despite the common assumption that oligotrophic freshwater ecosystems are 
net heterotrophic. The net autotrophic status could be related to specific morphometrical features of 
Lake Kivu, such as its low catchment-to-surface area ratio that is responsible for the relatively 
modest allochthonous organic matter inputs from its watershed; but also related to some 
environmental parameters distinctive of tropical environments, which significantly affect its 
ecological functioning. This study notably demonstrates that the percentage of phytoplankton 
production excreted as dissolved organic matter through physiological processes was comparatively 
higher in oligotrophic tropical lakes than in their temperate counterparts, due to the higher 
irradiance conditions distinctive of the tropics. The organic molecules freshly excreted by 
phytoplankton cells (DOCp) were highly labile and rapidly assimilated by heterotrophic 
prokaryotes. In consequence, the standing stock of phytoplankton-derived organic molecules was 
very small, and the bulk dissolved organic carbon (DOC) pool was mainly composed of older, more 
refractory compounds that would reach the mixed layer through vertical advective and diffusive 
fluxes. Overall, it highlights the ecological importance of C transfer between the phytoplankton and 
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the bacterioplankton components of the food-web in large tropical lakes. Stable carbon (δ13C) and 
nitrogen (δ15N) isotope analyses indicate that the phytoplankton-derived autochtonous carbon was 
channelled up to the zooplankton level of the food-web, throughout the year. The seasonal 
variability in the δ15N signature of the particulate nitrogen pool in the euphotic zone reflected 
changes the phytoplankton assemblage structure, with a relatively higher contribution of N2-fixing 
cyanobacteria during the rainy season.  
Permanently stratified water bodies, such as Lake Kivu, are characterized by the presence of 
pelagic gradients in oxygen (oxycline) and redox potential (redoxcline). The pelagic redoxclines are 
usually an area of intense biogeochemical activities, where chemoautotrophs and methanotrophs 
derive their energy from the oxidation of reduced species. The results of this study provide 
evidences for the existence of a biogeochemically active methanotrophic and chemoautotrophic 
bacterial community in the redoxcline of Lake Kivu. Additionally, phospholipid-derived fatty acid 
(PLFA) analyses suggest that the bacterial community composition was structured vertically in the 
water column, with a large dissimilarity between the oxic and oxygen-depleted waters.  
The vertical variability of the δ13C signature of the particulate organic carbon (POC) pool 
and methane (CH4) revealed the presence of a consistently abundant methanotrophic bacterial 
biomass in the oxycline throughout the year. Approximately 4-6% of the vertically-integrated POC 
pool is derived from CH4-derived carbon on an annual basis, but this contribution locally reached 
~50% in the oxycline during the dry season. Indeed, Lake Kivu is well-known for the high amount 
of CH4 dissolved in its permanently stratified layer of water. However, the emissions of CH4 to the 
atmosphere was found to be 2 orders of magnitude lower than the estimated upward CH4 flux, 
suggesting that microbial CH4 oxidation is an important process within the water column. 
Methanotrophic bacterial production (MBP) rates in Lake Kivu, estimated during the dry and the 
rainy season, were always the highest at the transition between the oxic and the oxygen-depleted 
waters. Furthermore, PLFA analyses showed that aerobic methanotrophic bacteria type I 
(Gammaproteobacteria) dominated the methanotrophic bacterial community. Volumetric 
chemoautotrophic bacterial production (CBP) rates measured in Lake Kivu were in the same range 
of values reported from H2S-rich marine redoxclines, such as the Black Sea, the Baltic Sea, and the 
Cariaco Basin; and as in these systems, the maximal chemoautotrophic activities were observed in 
sulfidic waters, well below the oxycline. Vertically integrated over the water column, the sum of the 
measured MBP and CBP rates (31 - 42 mmol C m-2 d-1, depending on season and location) were 
comparable to the mean phytoplankton particulate primary production (49 mmol C m-2 d-1). This 
study supports the idea that methanotrophs and chemoautotrophs might play a quantitatively 
important role in the functioning of permanently stratified tropical lakes. In Lake Kivu, they 
participate substantially to the O2 consumption in the water column, and hence to the seasonal uplift 
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of the oxycline. They also contribute significantly to the autochtonous primary production, but exert 
an indirect control on oxygenic photoautotrophs by limiting the vertical nutrient flux to the 
illuminated surface waters. It is likely that more stable stratification conditions due to climate 
warming would further reinforce the importance of methanotrophy and chemoautotrophy in the 
ecosystem functioning of Lake Kivu.  
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Samenvatting 
Zoetwater ecosystemen spelen een centrale rol in de biogeochemische koolstof (C) cyclus. 
Ze transporteren organisch en anorganisch C vanuit het terrestrisch milieu naar de oceanen, maar dit 
transport verloopt niet passief: zoetwatersystemen produceren, degraderen of stockeren organisch 
C, en wisselen C uit met de atmosfeer. Deze systemen vormen ‘hotspots’ voor C processing: 
hoewel ze slechts een klein aandeel in het totale oppervlakte van het systeem Aarde vormen (~ 
0.5%), is hun bijdrage relatief belangrijk in vergelijking met mariene en terrestrische ecosystemen. 
Tijdens de voorbije decades werd een nieuw paradigma naar voor geschoven, waarbij respiratie van 
organisch materiaal de autochtone productie in zoetwatersystemen overstijgt, implicerend dat het 
doorgaans net heterotrofe systemen zijn. Dit concept is met name van toepassing op oligotrofe, niet-
productieve systemen, waar de C cyclus gedomineerd zou zijn door de aanzienlijke inputs van 
allochtoon organisch materiaal van terrestrische origine, dat de groei van heterotrofe organismen 
ondersteunt. Dit heeft belangrijke implicaties, aangezien netto heterotrofie erkend wordt als een van 
de belangrijkste oorzaken voor de netto emissie van CO2 vanuit zoetwaterecosystemen naar de 
atmosfeer. Eutrofe ecosystemen, daarentegen, zouden doorgaans netto autotroof zijn. Onze huidige 
kennis van de C dynamiek in zoetwaterecosystemen is echter vooral empirisch van aard, en zou dus 
een bias kunnen vertonen gezien de meeste observaties uit kleinere systemen in gematigde en 
boreale systemen komen. Grote (>250 km²) tropische meren, met name in Afrika, zijn sterk 
ondervertegenwoordigd hoewel ze in een reeks fundamentele eigenschappen verschillen van 
gematigde meren.  
De voorliggende studie toont aan dat het Kivu meer een voorbeeld vormt van een groot 
tropisch meer dat netto autotroof is, ondanks de gangbare veronderstelling dat oligotrofe systemen 
netto autotroof zouden zijn. Deze autotrofe status zou verklaard kunnen worden aan de hand van 
een aantal specifieke morfometrische kenmerken van het Kivu meer, zoals de lage verhouding van 
de oppervlaktes van het stroombekken tot die van het meer, wat zorgt voor een relatief bescheiden 
aanvoer van allochtoon organisch materiaal vanuit het stroombekken. Anderzijds zijn er een aantal 
omgevingsfactoren die specifiek zijn voor tropische systemen die een belangrijke invloed 
uitoefenen op het ecologisch functioneren. Met name tonen we hier aan dat het aandeel van de 
fytoplanktonproductie dat door fysiologische processen wordt geëxcreteerd als opgelost organisch 
materiaal, hoger ligt in oligotrofe tropische meren dan in gematigde systemen, door de hogere 
irradiatie die kenmerkend is voor de tropische zone. De organische moleculen die door fytoplankton 
worden uitgescheiden (DOCp) zijn erg labiel en worden snel geassimileerd door heterotrofe 
prokaryoten. De ‘standing stock’ van organische moleculen van fytoplanktonorigine is bijgevolg 
erg klein, en de totale pool aan opgelost organisch C (DOC) bestaat voornamelijk uit ouder en meer 
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refractaire componenten die de mixed layer bereiken via verticale advectieve en diffusieve fluxen. 
Deze resultaten zetten het ecologisch belang van C transfers tussen fytoplankton en 
bacterioplankton in grote tropische meren in de verf. Stabiele C en N isotopenanalyses (δ13C, δ15N) 
tonen aan dat autochtoon materiaal van fytoplanktonorigine alvast wordt doorgesluisd tot op het 
niveau van zooplankton, en dit doorheen het jaar.  De seizoenale variabiliteit van δ15N in de 
particulaire stikstof pool in de eufotische zone reflecteert veranderingen in de fytoplankton 
gemeenschapsstructuur, met een relatief hogere bijdrage van N2-fixerende cyanobacteriën tijdens 
het regenseizoen.  
Permanent gestratifieerde meren zoals het Kivu meer, worden gekenmerkt door de 
aanwezigheid van pelagische gradiënten in zuurstof (oxycline) en redoxcondities (redoxcline). 
Pelagische redoxclines zijn doorgaans zones met intense biogeochemische activiteit, waar chemo-
autotrofe en methanotrofe organismen hun energie verkrijgen via de oxidatie van gereduceerde 
componenten. Deze studie toont de aanwezigheid aan van een biogeochemisch actieve 
methanotrofe en chemo-autotrofe bacteriële gemeenschap in de redoxcline van het Kivu meer. 
Analyses van fosfolipidenafgeleide vetzuren (PLFA) suggereren dat de bacteriële gemeenschap 
verticaal gestructureerd is in de waterkolom, met grote verschillen tussen de zuurstofrijke en 
zuurstofarme waterlagen.  
De verticale variabiliteit in δ13C signaturen van particulair organisch koolstof (POC) en 
methaan (CH4) toont de aanwezigheid aan van een consistent abundante methanotrofe bacteriële 
biomassa in de oxycline doorheen het jaar. Ongeveer 4-6% van de verticaal geïntegreerde POC pool 
is  afgeleid van CH4 op jaarbasis, maar deze bijdrage bedraagt lokaal ~50% in de oxycline tijdens 
het droogseizoen. Het Kivu meer staat bekend om de grote hoeveelheden opgelost CH4 in diepere 
waterlagen. De emissies van CH4 naar de atmosfeer zijn echter 2 grootteordes lager dan de 
geschatte CH4 flux van diepere- naar oppervlaktewaterlagen, wat wijst op het belang van microbiële 
CH4 oxidatie in de waterkolom. Methanotrofe bacteriële productie (MBP) snelheden in het Kivu 
meer, gemeten tijdens zowel droog- als regenseizoen, waren steeds het hoogst bij de overgang 
tussen zuurstofrijke en –arme waterlagen. PLFA analyses toonden bovendien aan dat aerobe 
methanotrofe bacteriën van type I (Gammaproteobacteriën) de methanotrofe gemeenschap 
domineren. Volumetrische productiesnelheden van chemo-autotrofe bacteriën (CBP) in het Kivu 
meer lagen in dezelfde range van waarden beschreven voor H2S-rijke mariene redoxclines zoals de 
Zwarte Zee, Baltische Zee en het Cariaco Basin; net als in deze laatstgenoemde systemen werd de 
hoogste chemo-autotrofe activiteit in het Kivu meer waargenomen in sulfiderijke condities, onder 
de oxycline. Verticaal geïntegreerd over de waterkolom, was de som van MBP en CBP (31-42 
mmol C m-2 d-1, afhankelijk van seizoen en locatie) vergelijkbaar met de gemiddelde particulaire 
primaire productie door fytoplankton (40 mmol C m-2 d-1). Onze studie ondersteunt dus het idee dat 
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methanotrofen en chemo-autotrofen een kwantitatief belangrijke rol zouden spelen in het 
functioneren van permanent gestratifieerde tropische meren. In het Kivu meer zijn deze organismen 
in  belangrijke mate betrokken bij de O2 consumptie in de waterkolom, en dus ook bij de seizoenale 
stijging van de oxycline. Ze dragen ook significant bij tot de totale autochtone primaire productie, 
maar leggen onrechtstreeks een limitatie op aan oxygene foto-autotrofen door de verticale 
nutriëntenflux te verlagen. Het is aannemelijk dat meer stabiele stratificatiecondities als gevolg van 
klimaatsveranderingen het belang van methanotrofie en chemo-autotrofie in het functioneren van 
het Kivu meer nog zullen verhogen.  
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Chapter 1. General introduction 
1.1. General overview of the role of inland water in the global C cycle 
Freshwater systems play a central role in the biogeochemical cycling of carbon (C). 
They transport organic and inorganic C from the terrestrial biosphere to the oceans, yet this 
transport of C is not passive, and freshwater systems produce, degrade, store organic C and 
exchange C with the atmosphere. Considering the limited surface of the Earth covered by 
inland water bodies, they represent “hotspots” of C processing, and their relative contribution 
to the global C budget is therefore substantial compared with marine and terrestrial 
ecosystems. For instance, Aufdenkampe et al. (2011) estimated a total carbon dioxide (CO2) 
emission of 0.64 PgC yr-1 for lakes and reservoirs, a total of 0.56 PgC yr-1 for rivers and 
streams, and 2.08 PgC yr-1 for wetlands. Such emissions of CO2 from continental waters 
would exceed the land CO2 sink of ~2.6 PgC yr-1 (Le Quéré et al. 2013), as well as the sink of 
CO2 in open oceans of ~1.4 PgC yr-1 (Takahashi et al. 2009). Besides CO2, substantial 
quantities of methane (CH4) have been found to be emitted from fresh waters. Expressed in 
terms of global warming potential (i.e., assuming that 1 mole of CH4 corresponds to 25 moles 
of CO2 over a 100-year period), CH4 emissions to the atmosphere would represent a flux of 
0.65 PgC (CO2 eq) yr-1, roughly equivalent to 25% of the sink of CO2 by terrestrial 
vegetations (Bastviken et al. 2011).  
However, the current knowledge about the role of inland waters on CO2 and CH4 
emissions could be biased because the majority of the observations were obtained in 
temperate and boreal (humic) systems, and mostly in medium to small-sized lakes. A much 
smaller amount of observations is available from large tropical lakes. In a compilation of CO2 
concentration data gathered in 4902 lakes located around the globe (Sobek et al. 2005), there 
were only 148 data entries for tropical systems (~3%). Yet, according to the zonal distribution 
provided by Aufdenkampe et al. (2011), tropical inland waters would account for ~60% of the 
global emission of CO2 from inland waters (0.45 PgC yr-1 for lakes and reservoirs, 0.39 PgC 
yr-1 for rivers and streams, and 1.12 PgC yr-1 for wetlands) and about 50% of organic C is 
delivered by rivers to the oceans at tropical latitudes (Ludwig et al. 1996). Therefore, it 
appears clearly that a more extensive and diverse database is required to improve the current 
understanding of the C cycling in tropical systems. Inevitably, the attention of scientists 
investigating C fluxes at the ecosystem scale is drawn also to the study of microorganisms, as 
the factors that control the abundance, production and respiration rates of these 
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microorganisms (in particular, prokaryotes) regulate some important functions of the 
ecosystem (Cole 1999). During the last decades, a new paradigm progressively emerged 
proposing that respiration of organic matter (OM) exceeds autochthonous production in 
freshwaters ecosystems, meaning that they are predominantly net heterotrophic (Del Giorgio 
et al. 1997, Cole 1999, Duarte & Prairie 2005). This concept seems to hold especially for 
oligotrophic, unproductive ecosystems (Del Giorgio et al. 1997), where the C cycle would be 
dominated by substantial inputs of allochthonous OM of terrestrial origin, which support the 
production of heterotrophic organisms. It has important implications because net heterotrophy 
has been recognised as one of the main cause for the net CO2 emissions from freshwaters 
ecosystems to the atmosphere. However, this paradigm was established based on data 
gathered in small to medium sized lake located in temperate or boreal regions (Cole 1999, 
Cole et al. 2007) but it may not directly apply to large tropical lakes (Bootsma and Hecky 
2003) as they differed from temperate lakes in some fundamental characteristics summarized 
by Lewis (1996). Among them, the constantly high temperature and light irradiance would 
have strong effects on water column stratification and biological processes (Sarmento 2012). 
The thermal stratification of tropical lakes is generally weaker because the amount of energy 
required to induce a deepening of the mixing depth is smaller than in temperate regions. 
Therefore, tropical lakes generally show much more intraseasonal variation in thickness of the 
mixed layer than morphometrically similar temperate lakes (Lewis 1996). Secondly, primary 
production would be twice higher in tropical compared to temperate lakes, on a given nutrient 
basis (Lewis 1996). The higher efficiency of primary producers in large tropical systems can 
be explained by the persistence throughout the year of a comparatively higher abundance of 
phototrophic picoplankton (> 2 µm) in the phytoplankton community (Sarmento 2012), due to 
the constantly higher temperature and light irradiance in relatively nutrient-poor waters.  
1.2. Microbially-mediated biogeochemical processes 
1.2.1. The microbial food web and the phytoplankton-heterotrophic prokaryotes 
interactions 
In 1845, Charles Darwin already considered the role of microbial communities in the 
functioning of aquatic ecosystems, with these words : “I presume that the numerous lower 
pelagic animals persist on the infusoria (protozoan), which are known to abound in the open 
ocean: but on what, in the clear blue water, do these infusoria subsist ?”. It took almost two 
centuries to the scientific community to provide an anwer  to this open question. The food 
web in aquatic environments was previously seen as a linear trophic chain involving 
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phytoplankton, zooplankton, and fish, but research carried out during the past 30 years has 
shown that it is more complex than initially thought because microbes actually play an 
important role in term of C processing. Besides the classical linear food web, the microbial 
food web (or “microbial loop”, see the landmark paper of Azam et al. 1983) is composed of 
phytoplankton, heterotrophic prokaryotes, and protozoan grazers. It is now widely recognized 
that a variable fraction of the C flow through the food web is transferred to a pool of dissolved 
organic matter (DOM, < 0.2 µm) by various mechanisms, and this DOM is almost exclusively 
accessible to heterotrophic prokaryotes (Azam & Malfatti 2007, Fig. 1.). Furthermore, 
heterotrophic organisms are able to use a suite of exoenzymes to solubilise particulate organic 
matter (POM, > 0.2 µm) and hydrolyze high molecular weight molecules that are not directly 
assimilable for growth. At higher trophic level, protozoan grazers incorporate C by feeding on 
phytoplankton and heterotrophic prokaryotes, and could later be consumed by 
microzooplankton. In this way, energy is transferred from the microbial food web to the 
classical linear food chain (Fig. 1.). Therefore, heterotrophic prokaryotes occupy a key 
position at the base of the aquatic food web as they reintroduce a significant amount of 
organic C into the food web and provide indispensable inorganic nutrients to primary 
producers through mineralization of the OM (Fig. 1.).  
 
 
 
 
 
 
 
 
 
 
 
The role of the microbial food web would be especially important in tropical lakes 
because it is highly active during a longer period of time due to the constantly high 
temperature conditions (Sarmento et al. 2012). Furthermore, it has been hypothesized that 
environmental conditions would promote the active release of DOM by phytoplankton cells in 
tropical systems, reinforcing the coupling between the phytoplankton and the heterotrophic 
components of the food-web. Photorespiration, the fixation of O2 on ribulose-1,5-phosphate 
protozoan 
grazers 
inorganic 
nutrients 
dissolved 
organic matter 
classical 
food web 
phytoplankton 
heterotrophic 
prokaryotes 
cyanobact. 
Figure  1.  Schematic  and  simplified  representation  of  the microbial  food web  and  its  connection with  the
classical food web in aquatic environment, illustrating the central position of the DOM pool. 
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catalyzed by ribulose-1,5-bisphosphate carboxylase oxygenase (RubisCO) with glycolate as 
byproduct, is an effective protection mechanism against photoinhibition under high light 
condition (Fogg 1983). It keeps the consumption of nicotinamide adenine dinucleotide 
phosphate (NADPH) and adenosine triphosphate (ATP) at high levels and lowers the 
saturation of the electron transport chain, preventing the production of reactive O2 species. 
Besides photorespiration, the active release of photosynthate by phytoplankton cells can be 
viewed as a mechanism occurring under nutrient limitation, when the synthesis of molecules 
containing N or P is not possible (Wood et al. 1990; Morán et al. 2002). Because of the 
nutrient limitation, a fraction of the freshly fixed C is a surplus, and therefore excreted. In 
summary, our current understanding on phytoplankton physiology suggests that high light 
irradiance would favour the active excretion of DOM by phytoplankton in oligotrophic waters 
(Zlotnik and Dubinsky 1989), increasing the supply of labile DOM available for heterotrophic 
prokaryotes. Nevertheless, the production of DOM by phytoplankton has never been directly 
measured in any of the large East African lakes and this hypothesis thus remained to be tested 
in these systems. 
 Despite the fact that bacteria occupy a prominent role in lake ecosystem processes 
and greatly impact its ecological functioning, the bacterial taxa participating in these activities 
remain largely undescribed (Newton et al. 2011). However recent technological advances in 
molecular biology provide powerful tools that allow to investigate in unprecedented details 
the diversity and the activity of the microbial component of the aquatic food web. It appears 
that, similar to other ecosystems, spatial heterogeneity of the environment at the microscopic 
level would provide sufficiently heterogeneous ecological niche to maintain the high diversity 
of prokaryotes in waters (Azam & Malfatti 2007) Furthermore, substrate preferences for some 
phylotypes of heterotrophic prokaryotes have been demonstrated (Alonso-Saèz et al. 2007) 
and it has been recently shown that the composition of the extracellular release of dissolved 
free amino acids by phytoplankton was species-dependent (Sarmento et al. 2013) so that the 
phytoplankton assemblage structure might contribute to shape the heterotrophic prokaryote 
community. 
1.2.2. Methanogenesis and methanotrophy  
In the oceans, global net primary production has been estimated at about 48.5 to 54 Pg 
C y-1 but only 0.2 to 0.79 Pg C y-1 would be buried in marine sediments (Dunne et al. 2007), 
implying that almost all of the primary production is efficiently mineralized or recycled in the 
food-web (Middelburg 2011). CO2 is the final product of OM mineralization in oxic 
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environment, however, in anoxic waters and sediments, the major end-product of OM 
degradation is CH4, produced by methanogenic archaea (Capone and Kiene 1988). CH4 is 
mostly produced in anoxic sediments by methanogenic archaea following two different 
pathways: acetoclastic methanogenesis, using acetate produced from OM degradation, or CO2 
reduction. Although both methanogenic pathways may co-occur, CO2 reduction is dominant 
in marine sediments, while acetate fermentation is the major pathway in freshwater sediments 
(Whiticar et al. 1986). Methanogenesis has been though for a long time to be exclusively the 
result of strictly anaerobic processes, however, recent studies reported CH4 production via the 
acetoclastic and CO2 reduction pathways in oligotrophic, well-oxygenated freshwater 
environments (Grossart et al. 2011, Bogard et al. 2014). At the same time, studies carried out 
in marine systems have shown also that some CH4 is produced aerobically as a by-product of 
the decomposition of methylphosphonate in P-depleted waters (Karl et al 2008).  
CH4 production rates are typically higher than rates of CH4 emissions to the 
atmosphere, since aerobic and anaerobic microbial CH4 oxidation within sediments or water 
columns are effective processes that limit the amount of CH4 reaching the atmosphere, in 
particular when CH4 transport occurs mainly through diffusive transport, rather than through 
ebullition. For instance, it has been estimated that > 90% of the CH4 produced in marine 
sediment is microbially oxidized (Reeburgh 2007). Methanotrophs and methylotrophs are 
organisms that are able to derive their energy from the oxidation of single-carbon compounds. 
A variety of electron acceptors can be used during microbial CH4 oxidation, including but not 
limited to O2 (Rudd et al. 1974) and sulphate (SO42-, Boetius et al. 2000). Micro-organisms 
using O2 as electron acceptors belong to the Proteobacteria phylum. The use of enzyme 
known as CH4 monooxygenase (either under a soluble or membrane-bound form) to catalyze 
the oxidation of CH4 to methanol is a defining characteristic of aerobic methanotrophs 
(Hanson & Hanson 1996). Methanol is then oxidized to formaldehyde which is assimilated to 
form intermediates of central metabolic routes that are subsequently used for biosynthesis of 
cell material (Hanson & Hanson 1996 and references therein). Hence, aerobic methanotrophs 
use CH4 not only as an energy source, but also as a C source. Aerobic methanotrophs are 
classified into two phylogenetically distinct groups that use different pathways for the 
formaldehyde assimilation : the type I methanotrophs belong to the Gammaproteobacteria 
and use the ribulose monophosphate pathway while the type II methanotrophs belong to the 
Alphaproteobacteria and use the serine pathway.  
Besides aerobic processes, anaerobic CH4 oxidation coupled with SO42- reduction has 
been found to be carried out by a syntrophic consortium of CH4-oxidizing archaea and 
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sulphate-reducing bacteria. The association between the archaea and bacteria is commonly 
interpreted as an obligate syntrophic interaction in which the archaeal member metabolizes 
CH4 leading to the production of an intermediate, which in turn is scavenged as an electron 
donor by its SO42- reducing partner (Knitell and Boetius 2009). The identity of the 
intermediates transferred between the CH4 oxidizers and the SO42- reducers is still uncertain. 
In contrast to aerobic CH4 oxidation, the contribution of CH4 as a C source is minimal as only 
~ 1% of the oxidized CH4 is channelled to biosynthesis pathway and the growth of the 
partners of the consortium is slow, with generation times of months to years (Knitell and 
Boetius 2009). Both partners of the consortium are strictly intolerant to O2 (Knitell and 
Boetius 2009). Initially reported in marine sediments (Boetius et al. 2000), this consortium 
was later identified in the water column of marine euxinic basins, such as the Black Sea 
(Schubert et al. 2006), but rarely in lacustrine systems probably because fresh waters are 
usually depleted in SO42- compared to the oceans. Nevertheless, it appeared during the last 
decade that anaerobic CH4 oxidation could be coupled to a wider variety of electron acceptors 
that previously thought, including nitrite (NO2-), nitrate (NO3-), manganese (Mn4+), and iron 
(Fe3+) (Raghoebarsing et al. 2006 ; Beal et al. 2009).    
As explained above, aerobic methanotrophic organisms are able to incorporate a 
fraction of the CH4-derived C into their biomass and CH4 could therefore contribute to fuel 
the pelagic food web (Bastviken et al. 2003; Jones and Grey 2011; Sanseverino et al. 2012). 
Several studies carried out in small boreal lakes (area < 0.01 km²) demonstrated that 
methanotrophic bacterial production (MBP) contributed to 0.3-7% (Bastviken et al. 2003) or 
13-52% of the autochtonous production in the water column (Kankaala et al. 2013). In spite 
of the potential importance of this alternative C source in aquatic ecosystems, direct 
measurements of MBP in lakes are scarce. Also, the methanotrophic bacterial growth 
efficiency (MBGE), defined as the amount of biomass synthesized per unit of CH4 oxidized, 
was found  to vary widely in aquatic environments (15-80% according to King 1992 ; 6-77% 
according to Bastviken et al. 2003). Nevertheless, identifying the factors driving the 
variability of MBGE seems to be of a crucial importance in natural environments because this 
variable determines the amount of CH4 that is effectively incorporated in the biomass and 
then available for the higher trophic levels. 
1.2.3. Chemoautotrophic and anoxygenic photosynthetic processes 
Organic compounds (including CH4) and O2 are powerful electron donors and 
acceptor, but prokaryotes are highly diverse, and other life strategies involving different 
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metabolic pathway of C assimilation exist in aquatic environment. Global rates of oceanic C 
fixation by chemoautotrophs (i.e. organism that assimilate inorganic C using inorganic 
chemicals as an energy source) would approximate 0.77 Pg C yr-1, with nitrification in the 
euphotic zone (0.29 Pg C yr-1) and chemoautotrophic processes in near-shore sediments (0.29 
Pg C yr-1) as the most important contributors (Middelburg 2011). At the global scale, the 
chemoautotrophic production would represent a significant input of organic C in the ocean, 
being similar to the supply of organic C through rivers (estimated at 0.9 Pg C yr-1 by Cole et 
al. 2007) but would be comparatively much smaller than the oxygenic phototrophic 
production carried out by phytoplankton (48.5-54 Pg C y-1, Dunne et al. 2007). 
Chemoautotrophic prokaryotes are able to oxidize various reduced species to fix CO2 
into their biomass without the energy of light, in oxic or anoxic environments. The primary 
electron acceptors that they utilize are mostly O2 and NO3-, when available. But they are also 
able to use diverse oxidized forms of sulfur or metals. They greatly impact the 
biogeochemical cycles of diverse elements, such as nitrogen and sulfur, especially in 
oligotrophic system (Jost et al. 2008). Particularly high abundances of chemoautotrophs have 
been documented in permanently stratified water bodies, such as the Black Sea (Grote et al. 
2008), the Cariaco Basin (Taylor et al. 2001), several coastal upwelling regions (Farias et al. 
2009), as well as in meromictic freshwater lakes (Hadas et al. 2001 ; Garcia-Cantizano et al. 
2005). For instance, it has been reported that dark CO2 fixation in the redoxcline of Black Sea 
could reach 15% of the depth-integrated phytoplankton primary production during certain 
periods of the year (reported for May 1988 by Jørgensen et al. 1991). Areal rates of 
chemoautotrophic production have even been found to exceed by a significant margin (332%) 
the areal photosynthetic production in the Cariaco basin (reported for July 1998 by Taylor et 
al. 2001). All these systems are characterized by the presence of a pelagic redox gradient 
(redoxcline) that separates the oxygenated upper waters rich in electron aceptors from the 
sulfidic and anoxic bottom, where inorganic electron donors are abundant.  
In the Black and Baltic seas, and the Cariaco basin, the highest dark CO2 fixation rates 
are usually measured in anoxic waters, at the bottom of the pelagic redoxcline, where bacteria 
affiliated to the Epsilonproteobacteria class dominate the composition of the prokaryotic 
assemblage (Grote et al. 2008). A pronounced metabolic versatility of Epsilonproteobacteria 
was hypothesized, with members able to reduce NO3-, NO2- or SO42-, as well to use reduced 
sulfur species, molecular hydrogen or formate as electron donor (Campbell et al. 2006 and 
references within). Organisms closely related to Sulfurimonas denitrificans were found to be 
particularly abundant in sulfidic waters in the pelagic redoxcline of the Black Sea (Lin et al. 
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2006), Baltic Sea (Labrenz et al. 2005, Grote et al. 2008) and Cariaco Basin (Lin et al. 2006). 
For instance, 77% of the active chemoautotrophic community in the sulfidic waters of the 
Baltic Sea has been found to be affiliated to a cluster of Epsilonproteobacteria closely related 
to Sulfurimonas denitrificans (Grote et al. 2008). Other chemoautotrophic organisms in 
pelagic redoxcline are phylogenetically diverse. Indeed, this lifestyle seems to be exclusive of 
prokaryotes but it has been encountered in nearly all archaeal and bacterial phyla. 
Chemoautotrophic processes at the redoxcline could play a dual role in the ecosystem 
functioning. While they contribute significantly to the autochtonous production of OM, as 
described above, chemoautotrophs could exert an indirect control on phytoplankton 
production by limiting the amount of inorganic nutrients that reach the euphotic zone in 
surface waters. This seems to hold especially true in the large East African Rift lakes where 
internal nutrient loading via upward fluxes is of major importance for phytoplankton growth 
(Kilham and Kilham 1990 ; Pasche et al. 2009). However, recent climate warming has been 
found to strengthen the vertical stratification of a large and deep tropical lake in East Africa 
(Lake Tanganyika, Verburg and Hecky 2009), and it seems safe to hypothesize that more 
stable stratification conditions would increase the importance of chemoautotrophy in these 
systems.  
Currently, CO2 fixation in aquatic systems is to a large extent carried out by algae and 
cyanobacteria, through oxygenic photosynthesis. However, beside oxygenic photoautotrophs 
and chemoautotrophs, other photoautotrophic micro-organisms have the ability to incorporate 
CO2 into their biomass under anoxic conditions via a process named anoxygenic 
photosynthesis. Nowadays, the contribution of anoxygenic photosynthesis to the total primary 
production would be small at the global scale (less than 1% according to Overmann and 
Garcia-Pichel 2013), however, it could have been different in the early Earth history. It has 
been suggested that 3.4 to 2.8 billion years ago, the ocean was anoxic, depleted in SO42- but 
rich in Fe species (Canfield 2006), so that anoxygenic photoferrotrophs (Fe2+ oxidizers) could 
have been the most important primary producers before the advent of cyanobacteria and 
oxygenic photosynthesis (Canfield 2006 ; Crowe et al. 2008). Anoxygenic photosynthesis is 
unique to bacteria, but occurs in a variety of organisms that usually inhabit relatively shallow 
and oxygen-free waters, including : purple sulfur/nonsulfur bacteria, green sulfur/nonsulfur 
bacteria, and heliobacteria. These organisms are notably characterized by their ability to use 
diverse electron donors in photosynthesis - usually  hydrogen sulfide (H2S), reduced iron 
(Fe2+), hydrogen (H2), or OM - while oxygenic photoautotrophs are only able to use H2O. 
Note also that anoxygenic phototrophic Fe2+ oxidation has so far been identified only from 
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Chlorobium ferrooxidans (Heising et al. 1999), a green sulfur bacteria, despite the putative 
importance of this process in the early Earth history. Most of the anoxygenic photoautotrophs 
are strictly anaerobic but they all required light, hence they typically occur in relatively 
shallow redox gradients within permanently stratified basins. However, some strains of green 
sulfur bacteria (Cholorobi) seems particularly well adapted to low-light levels and have been 
found to grow in sulfidic waters in the Black Sea at irradiance levels as low as 0.0005% of 
surface light intensity (Overmann et 1992), or in deep waters (117 m) of the ferruginous Lake 
Matano (Crowe et al. 2014). Indeed, they have been found to harvest light through a 
distinctive photosynthetic antenna complex that mostly contains bacteriochlorophyll pigments 
(Overmann and Garcia-Pichel 2013). In H2S-rich environment, green and purple sulfur 
bacteria differ in several fundamental traits. For instance, it is known that purple sulfur 
bacteria (Chomatiales) use the Calvin cycle to synthesize organic molecules from CO2, 
similarly as oxygenic photoautotrophs, while green sulfur bacteria (Cholorobiales) use instead 
an alternative metabolic pathway : the reverse tricarboxylic acid cycle (rTCA, also known as 
the reverse Krebs cycle) (Sirevåg et al. 1977). The rTCA pathway seems much more energy-
efficient than the Calvin cycle because it would consume only 5 adenosine triphosphate 
(ATP) molecules for the synthesis of each glycerol-3-phosphate produced while 9 ATP would 
be used via the Calvin cycle. However, it has been suggested that the rTCA pathway would 
not be thermodynamically feasible at pH values higher than 7 under ambient CO2 
concentration in agreement with the observation that rTCA pathway is usually operated by 
organisms living in CO2-rich habitats (Bar-Even et al. 2010), such as pelagic redoxclines, or 
hydrothermal vents. These environments are generally anaerobic and relatively energy-
restricted compared to the aerobic environment, which may explain the prevalence of 
alternative energy-efficient C fixation pathways in these systems (Bar-Even et al. 2010).    
1.2. Presentation of the study site (Lake Kivu, East Africa) 
1.2.1. General description of Lake Kivu 
At 1463 m of altitude in the Western Branch of the East African Rift, Lake Kivu is 
located at the border of the Democratic Republic of Congo and Rwanda. It is a large (2370 
km²) and deep (maximum depth: 485 m) tropical lake surrounded by two active volcanoes, 
the Nyiragongo and the Nyamulagira. The lake is composed of a main basin (hereafter, also 
named Northern Basin) and 4 smaller basins: the Ishungu (hereafter, also named Southern 
Basin) and Kalehe basins, and the Bukavu and Kabuno bays (Fig. 2.). The ratio between the 
lake surface area (2370 km²) and its catchment area (5100 km2) is particularly small, among 
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the lowest globally (Spigel and Coulter 1996). Because of the steepness of the lakeshore, the 
littoral zone is restricted to only a very small portion of the overall surface area. In 
consequence, the ecological functioning of Lake Kivu is dominated by pelagic processes 
(Sarmento et al. 2012).  
 
Figure 2. Left panel: map of Lake Kivu, showing the location of the different basins. Right panel: Geographic 
situation of Lake Kivu in the Western Branch of the East African Rift. 
The first comprehensive limnological data from the lake were gathered in 1935 by 
Hubert Damas, a Belgian biologist from the Université de Liège, who notably stated that : “its 
[Lake Kivu] clear and transparent waters are truly a desert” (Damas 1937). Indeed, modern 
annual average of chlorophyll a concentrations of 2.2 mg m-3 clearly shows that the euphotic 
waters are oligotrophic. The fish diversity in Lake Kivu is also low, especially in comparison 
with other large African lakes which are famous for their fish fauna, such as the neighbouring 
Lake Tanganyika. 29 fish species have been recorded in the lake (Snoeks et al. 2012) but only 
two recently introduced planktivorous species occupy the pelagic zone, without other fish 
predators : Limnothrissa miodon (introduced in the 1950s) and Lamprichthys tanganicanus 
(first reported in 2006). The simplicity of the pelagic food web would simplify the 
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understanding of its ecological functioning, particularly in regard to the lower trophic levels, 
so that Lake Kivu appears to be an ideal natural laboratory for tropical limnology studies.  
1.2.2. Physical structure of the water column of Lake Kivu 
Lake Kivu attracted the attention of many scientists during the twentieth century 
because of the astonishing physico-chemical structure of its water column. Despite the 
oligotrophic nature of its surface waters, a large amount of nutrients, salts, and dissolved gas 
were found to accumulate in anoxic waters below ~70 m, and especially below 250 m (Fig. 
3.). Indeed, the lake is permanently stratified (meromictic), with several denser layers of water 
below the fresh water at the surface. In limnology, the surface layer of water of a meromictic 
lake is usually called mixolimnion, and the denser, permanently anoxic layer, is the 
monimolimnion (Fig. 3.).  
The mixolimnion is exposed to seasonal variability in precipitation, temperature, air 
humidity and wind speed, so that thermal stratification may develop within. When it is 
thermally stratified, the upper part of the mixolimnion is vertically homogeneous and called 
the mixed layer. A deepening of the mixed layer, sometimes down to ~70 m, is typically 
observed during the dry season due to the cooling of the surface waters (Fig. 4.). The 
warming of the surface waters during the following rainy season induces the re-establishment 
of the thermal stratification within the mixolimnion (Fig. 4.). However, the seasonal 
amplitude of air temperature is low due to the location of the Lake Kivu at high altitude near 
the equator, then the thermal and density gradients in the mixolimnion is always weak. 
Stratification conditions in the mixolimnion are therefore not constant and the vertical 
position of the mixed layer is variable, but never extends below 70 m because of the 
permanent salt gradient at this depth (Schmid et al. 2012). The dissolved oxygen (O2) 
distribution in the mixolimnion is also variable but the position of the O2 gradient (oxycline) 
closely follows the one of the mixed layer.  
The functioning of the monimolimnion is almost completely uncoupled from the one 
of the mixolimnion. The unusual staircase-like structure of the monimolimnion has been 
attributed to the presence of several deep hydrothermal springs at different depths that feed 
the deep waters with heat, salts and dissolved gas (Fig. 3. ; Schmid et al. 2005). The 
subaquatic inflows are also responsible for a slow upwelling that delivers nutrients to the 
surface waters with a depth dependent rate of 0.15 – 0.9 m year-1 (Schmid et al. 2005). This 
upwelling is the main driver of the internal nutrient cycling and of the upward transport of 
dissolved gas (Pasche et al. 2009, Schmid et al. 2012), but other physical processes such as  
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Figure 3. Vertical profiles of temperature, salinity, and dissolved gas concentrations in Lake Kivu, in February 
2004. The dashed  line  represents  the  limit between  the mixolimnion and  the monimolimnion. This  figure 
was modified from Schmid et al. (2005). 
 
Figure 4. Relative difference of water density (calculated from temperature and conductivity) to density at 5 
m depth, in the Southern Basin. Reproduced from Schmid and Wuëst (2012). 
turbulent diffusion at the bottom of the mixolimnion contributes also to the upward flux of 
nutrients and gas. Lake Kivu is notably famous for the high amount of dissolved CO2 and 
CH4 in its monimolimnion : about 300 km³ of CO2 and 60 km³ of CH4 (gas volume at 0°C and 
1 atm) (Schmid et al. 2005, Fig. 3.). One third of the CH4 accumulated is thought to have been 
produced via the acetoclastic pathway and two thirds by reduction of geogenic CO2 (Schoell 
et al. 1988). The residence time of the water below the main salt gradient at 260 m (Fig. 3.) 
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would be very long. It has been first estimated at 400 years (Tietze, 1978) but was recently 
evaluated at 870 years, with an upward CH4 transport of 6.85 mmol C m-2 d-1 (Schmid et al. 
2005). It implies that the layer of water below 260 m is even more decoupled from the upper 
part of the lake than initially assumed (Schmid et al. 2005). Furthermore, based on a 
comparison between “historical” (1974) and “modern” (2004) depth profile of the 
concentration of CH4, Schmid et al. (2005) estimated that CH4 production recently increased 
by threefold since the 1970s for a still unknown reason, and CH4 would now contribute to 
approximately 80% of the total gas pressure.  
Several hypothesis have been proposed to explain this increasing CH4 production 
pattern. Pasche et al. (2010) suggest that a combination of 3 factors jointly affected the 
ecosystem since the half of the last century. (1) They proposed that the introduction of the 
pelagic fish Limnothrissa miodon had strongly modified the food web structure as the 
zooplankton abundance would have considerably decreased and its composition would have 
shifted from a dominance by cladocereans to a dominance by cyclopoid copepods (Isumbisho 
et al. 2006). Then, via a trophic cascade effect, this change in zooplankton abundance and 
composition might have decreased the efficiency of the primary production recycling in the 
mixolimnion, and hence enhanced the organic C sedimentation Pasche et al. (2010). (2) As in 
other permanently stratified East African Great Lakes, the internal loading of inorganic 
nutrients via upward fluxes is of a major importance for phytoplankton growth (Pasche et al. 
2009). In Lake Kivu, the main driver of the internal nutrient loading is the inflow from the 
subaquatic spring. Hence, it has been hypothesized that higher (15%) rainfall in East Africa 
between 1961 and 1990 compare to 1931-1960 might have affected the water balance of Lake 
Kivu (water level was on average 0.44 m). In consequence the subaquatic inflow might also 
have increased during this time period, leading to an higher nutrient supply to the 
mixolimnion, allowing an higher phytoplankton production Pasche et al. (2010). (3) Finally, 
they proposed also that the external nutrient might have increased due to recent land-use 
changes related to the fast growing population. More intense agricultural activities or 
increasing erosion due to deforestation would have increase the nutrient inputs from the lake 
catchment Pasche et al. (2010). 
It has been proposed that a sudden gas release to the atmosphere (a “limnic eruption”) 
could be triggered by a volcanic eruption within the deep water or simply by a strong internal 
wave once the total gas pressure will be sufficiently close to the hydrostatic pressure (Schmid 
et al. 2005). Sediment stratigraphy data actually suggest that a limnic eruption already 
occurred in the past in Lake Kivu, according to Haberyan & Hecky (1987). Nowadays, this 
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phenomenon could cause a major disaster given the high population density along the 
lakeshore. Limnic eruptions have been recently documented in the smaller Lake Monoun and 
Lake Nyos (Cameroon) where respectively 37 and more than 1700 people died of 
asphyxiation by the released CO2.  
Several pilot-projects for exploiting the CH4 gas to produce energy and decrease the 
risk of a limnic eruption have been initiated during the last decade. Large-scale commercial 
CH4 extraction with the aim of reaching a total energy capacity of 100 MW is now under 
development in Lake Kivu, but it will possibly have an important impact on the ecosystem. 
For instance, Wüest et al. (2012) established that the upward nutrient flux would increase if 
the waters pumped in the lower part of the monimolimnion were not returned below 200 m 
after the CH4 extraction, driving higher productivity but also strongly impacting the O2 
distribution in the mixolimnion (Descy et al 2012).  
1.2.4. Phytoplankton of Lake Kivu 
The taxonomic composition, abundance, biomass, production and ecology of the 
phytoplankton of Lake Kivu has been extensively studied since 2002 in the framework of 
several research project carried out by scientist based at the University of Namur (Belgium). 
The results obtained during this long-term study are available in several peer-reviewed 
publications (see Sarmento et al. 2006, 2008, 2009 ; Darchambeau et al. 2014) and 
summarized in a book chapter (Sarmento et al. 2012). According to these authors, the 
phytoplankton assemblage is dominated by cyanobacteria (especially Synechococcus spp) and 
pennate diatoms (principally Nitzschia bacata and Fragilaria danica). A seasonal shift in the 
composition of the phytoplankton assemblage is typically observed between the rainy 
(dominance of cyanobacteria) and the dry season (diatoms bloom). It appeared also that the 
composition of the phytoplankton assemblage is remarkably homogeneous among the 
different lake basins.  
The mean chlorophyll a concentration between 2002-2008 was 2.16 mg m-3 and the 
mean daily particulate primary production ranged between 0.14-1.92 g C m-2 d-1. These values 
were in the same range as in other oligotrophic East African Great Lakes. Note that the 
primary production was estimated with the 14C incubation method (2h incubation), and the 
values obtained are then presumably representative of something between net and gross 
primary production (Marra 2009 and references within). Analysis of the molar C:N and C:P 
ratio in the seston suggest that phytoplankton has to cope with a moderate N- and a severe P-
deficiency, especially during when the mixolimnion is thermally stratified during the rainy 
 15 
 
season (Sarmento et al. 2009). However, results of nutrient addition assays carried out during 
the rainy and dry season 2007 and 2008 indicate a direct N-limitation and co-limitation by P 
during the rainy season, and P or N limitation during the dry season, depending of the year. 
Just as in other oligotrophic East African Great Lakes, such as the lakes Tanganyika and 
Malawi, the phytoplankton ecology of Lake Kivu is strongly affected by the seasonal 
variability between high-light conditions but low-nutrient supply during the rainy season, and 
low-light but high-nutrient supply during the dry season. 
1.2.5. Microbial ecology of Lake Kivu 
 
Figure 5.  Schematic  representation of  the  redox  gradient  in  the water  column of  Lake Kivu, with  a  large 
amount of electron acceptors at the top of the mixolimnion, and a variety of inorganic electron donors at the 
bottom of the mixolimnion and in the monimolimnion. 
In general, a strong coupling between prokaryote abundance and phytoplankton 
biomass was reported in the mixed layer of Lake Kivu (Sarmento et al 2008, Lliròs et al 
2012). The bacterial production (BP) was estimated at several occasion with the 3H-thymidine 
incorporation method. The highest BP was estimated at the beginning of rainy season, when 
the mixolimnion thermally re-stratify. In 2008, the mean BP in the mixed layer of Lake Kivu 
was 336 mg C m-2 d-1, similar to that of Lake Tanganyika.  
Given the physico-chemical properties of the water column of Lake Kivu, with a 
permanently anoxic layer of water rich in reduced compounds, the ecological role of 
autotrophic and heterotrophic prokaryotes living in the redoxcline can not be neglected (Fig. 
5.). They include methanotrophic organisms that used CH4 both as an energy and C source, a 
wide variety of oxic or anoxic chemoautotrophic prokaryotes that are able to incorporate CO2 
in the dark, and anoxygenic phototrophic bacteria that fix CO2 in illuminated anoxic but 
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sulphide-rich waters. However, the current knowledge on the role they play in the ecological 
functioning of Lake Kivu has been so far based on circumstantial lines of evidence such as 
mass balance considerations (Borges et al. 2011; Pasche et al. 2011), identification by 
fingerprinting analysis (Lliròs et al. 2010) and a few incubations carried out almost 40 years 
ago (Jannasch 1975). Nevertheless their implication in the biogeochemical cycle of C is still 
poorly understood. Table 1 provides a synthesis of the biogeochemical processes known to be 
present in the mixolimnion of Lake Kivu, based on earlier research work. Note well that this 
list is not complete, as the microbial ecology of Lake Kivu was relatively unexplored at the 
onset of this study. Other biogeochemical processes, such as heterotrophic denitrification, 
dissimiliatory nitrate reduction  to ammonium (DNRA), annamox, aerobic and anaerobic 
sulphur oxidation might potentially be present in water column of Lake Kivu.   
Table 1. Summary of several microbially mediated biogeochemical processes identified in the water 
column of Lake Kivu at the onset of this study. (a) Sarmento et al. 2012 ; (b) Lliròs et al. 2012 ; (c) 
Jannasch 1975, (d) Pasche et al. 2010, (e) Borges et al. 2011, (f) Lliròs et al. 2010. 
Processes Energy source Electron acceptor Main evidences Ref. 
Known processes     
Oxygenic 
photosynthesis 
Light NADP+ 
Abundance, rate 
measurements 
a 
Anoxygenic 
photosynthesis Light NADP+ Abundance b 
Aerobic degradation 
of OM 
OM O2 Rate measurements b 
Aerobic CH4 
oxidation CH4 O2 
Mass balance calculation, 
rate measurements, pmoA 
phylogenetic tree 
c, d, e, 
Anaerobic CH4 
oxidation CH4 SO4
2- 
mcrA and 16S rRNA 
phylogenetic tree d, f 
Aerobic nitrification NH4+ O2 
amoA and 16S rRNA 
phylogenetic tree 
F 
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1.3. Objectives and outline of this work 
This work investigates the biogeochemical cycling of C in Lake Kivu, as a type of a 
large meromictic tropical lake, with a focus on the role played by microorganisms. Our 
approach was interdisciplinary in nature, as microbial ecology in aquatic systems is a science 
caught between several scales. First, microbial processes should obviously be understood at 
the individual scale or population level, but it is important to understand the cumulative 
influence of the microbial activities on elemental biogeochemical cycles at the scale of the 
ecosystem. Several scientific studies were recently carried out and focused mainly on the CH4 
and nutrient dynamics in the water column (Pasche et al. 2009, 2011 ; Borges et al. 2011), or 
the diversity and ecology of the phytoplanktonic (Sarmento et al. 2006, 2008, 2009 
Darchambeau et al. 2014) and zooplanktonic (Isumbisho et al. 2006) components of the food 
web, but studies addressing the roles of microbial organisms in the ecosystem functioning in 
Lake Kivu, and more generally in large tropical lakes, are still scarce.  
Chapter 2 investigates the seasonal dynamics of different inorganic and organic 
matter reservoirs by means of their stable isotope composition during one annual cycle 
(January 2012 – May 2013). We focused also on the drivers of their seasonal variability. We 
determined the net metabolic status of the mixed layer, the depth variability of C sources 
within the water column, and the relative contribution of autochtonous OM to the 
zooplankton. 
Chapter 3 examines the importance of phytoplankton extracellular release in Lake 
Kivu and 3 other East African large lakes (Lake Edward, Lake Albert, Lake Victoria). We 
quantified the production of DOM (dissolved primary production, dPP) and the subsequent 
microbial uptake of the freshly excreted product (DOCp) and elucidate whether the 
percentage of extracellular release (PER) was constant, or not, across a gradient of 
productivity. Due to the constant exposure to low-nutrient and high-light conditions over long 
periods of time in oligotrophic tropical lakes, we expected a strong coupling between 
phytoplankton and heterotrophic prokaryotes through high DOCp release. Furthermore, in 
Lake Kivu, we applied microautoradiography coupled with catalyzed reporter deposition 
fluorescence in situ hybridization (MAR-FISH) to assess the extent in which different 
phylogenetic groups of heterotrophic prokaryotes were active in the uptake of 14C-labelled 
DOCp released by the natural phytoplankton community, and of 3H-labelled leucine, a widely 
used tracer in heterotrophic production measurements.  
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 Chapter 4 investigates the role of methanotrophy in Lake Kivu. The differences in C 
stable isotope abundance (δ13C) of different primary C sources were used to estimate the 
fraction of the upward CH4 inputs that is microbially oxidized at the bottom of the 
mixolimnion and to quantify the relative contribution of CH4-derived C to the water column 
biomass, during the rainy and the dry season (2012). Additionally, phospholipid fatty acids 
(PLFA) and their δ13C signatures were analyzed to characterize the populations of 
methanotrophic bacteria present in the water column. We also carried out 13CH4-labelling 
experiments to trace the incorporation of CH4-derived C into the biomass (to quantify MBP 
rates) and its conversion to CO2 (to quantify the MBGE). Finally, stable isotope probing (SIP) 
of specific PLFA (SIP-PLFA) after 13C-CH4 labelling allowed to characterize the bacterial 
populations active in methanotrophy. 
Chapter 5 aims to improve the current understanding of the role of chemoautotrophs 
and anoxygenic phototrophs in permanently-stratified tropical systems, represented by Lake 
Kivu. During the rainy and the dry season, 13C-bicarbonate labeling experiments were carried 
out to quantify the chemoautotrophic and anoxygenic phototrophic production. Additionally, 
we aimed at tracing the incorporation of 13C into phospholipid fatty acids (PLFA) used as 
biomarkers to identify the organisms involved in dark or light-dependent CO2 fixation. 
Chapter 6 aims to assess, at the ecosystem scale, the relative importance of the major 
C fluxes in the mixed layer by an isotope mass balance approach. The dissolved inorganic 
carbon (DIC) and 13C-DIC budgets were constructed in order to determine the major 
processes controlling CO2 dynamics in the mixed layer, and to evaluate the net metabolic 
balance (net autotrophy or net heterotrophy). The combination of the DIC and 13C-DIC 
budget for the mixed layer allows to estimate independently two closing terms in the budget: 
the deep DIC input by upwelling and the net community production rate. 
Chapter 7 discusses the general conclusions drawn from this study and proposes 
some research perspectives in Lake Kivu. 
In total, five sampling cruises were conducted in Lake Kivu between April 2009 and 
September 2012, covering the diverse seasonal conditions encountered in the Lake Kivu 
region. Furthermore, one additional sampling campaign of the lakes Edward, Albert and 
Victoria was carried out in Uganda in May 2012 in order to assess how the dissolved primary 
production vary in tropical lakes across a productivity gradient. In Lake Kivu, the sampling 
was mostly focused on three different sampling station, located in the Southern Basin 
(02°20’S, 28°58’E ), in the Northern Basin (01°43’S, 29°14’E), and in Kabuno Bay (01°37’S, 
29°02’E). Additonally, a one-year monitoring (fornightly or monthly sampling) progam was 
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carried out in the Southern Basin between January 2012 and May 2013, allowing to 
investigate the seasonal variability of several biogeochemical parameters. This work was 
funded by various research project granted by the Belgian Science Policy Office (BELSPO, 
EAGLES project), the Fond National de la Recherche Scientifique (FNRS, CAKI and MICKI 
project), and the European Research Council (ERC, AFRIVAL project). Performing research 
in the heart of Africa is truly a logistical challenge, and this work would not have been 
possible without a good collaboration with Congolese (with a special mention to the people of 
the Institut Supérieur Pédagogique de Bukavu and the Observatoire Volcanologique de 
Goma), Rwandese (National University of Rwanda), and Ugandese (National Fisheries 
Ressources Research Institute) scientists. It might also be worthed to mention that fieldwork 
conditions in Lake Kivu contrast sharply with the European standards. No confortable 
oceanographic research vessel furnished with expensive lab equipment sails there, but almost 
all this work was instead carried out on small wooden boats (with the help of an excellent 
crew) and hotel room set up as improvised lab (Figure 6.).  
 
 
Figure 6. Picture of  (a)  the device used  for  incubating bottles at  in‐situ  light and  temperature  conditions, 
within the lake, (b) the sampling apparatus (Niskin bottle, Hydro‐Bios) used to collect water samples across 
depth profile,  (c) the  incubation device used to  incubate water samples at constant  light and temperature 
conditions (see chapter 3), and (d) an improvised filtration lab in Masindi, Uganda.  
a                   b 
 
 
 
 
 
 
c                 d 
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Chapter 2. Biogeochemistry of a large and deep tropical 
lake (Lake Kivu, East Africa) : insights from a stable 
isotope study covering an annual cycle 
Adapted from : Morana, C., Darchambeau, F., Roland, F. A. E., Muvundja, F., Kelemen, Z., 
Masilya, P., Descy, J-P., Borges, A. V., & Bouillon, S. (in revision). Biogeochemistry of a 
large and deep tropical lake (Lake Kivu, East Africa): insights from a stable isotope study 
covering an annual cycle. Biogeosciences. 
2.1. Abstract 
We investigated the seasonal variability of the concentration and the stable isotope 
composition of several inorganic and organic matter reservoirs in the large, oligotrophic and 
deep Lake Kivu (East Africa). Data were acquired during one year at a fornightly temporal 
resolution. The δ13C signature of the dissolved inorganic carbon (DIC) increased linearly with 
time during the rainy season, then suddenly decreased during the dry season due to vertical 
mixing with 13C-depleted DIC waters. This pattern reflects the net autotrophic status of the 
mixed layer of Lake Kivu, contrary to the common observation that  oligotrophic aquatic 
ecosystems tend to be net heterotrophic. The δ13C signature of the particulate organic carbon 
pool (POC) revealed the presence of a consistently abundant methanotrophic biomass in the 
oxycline throughout the year. We also noticed a shift toward higher values in the δ15N of 
particulate nitrogen (PN) during the dry season (from 0.5‰ to 4.0‰) in the mixed layer and 
δ15N-PN values were significantly related to the relative contribution of cyanobacteria to the 
phytoplankton assemblage, suggesting that rainy season conditions could be more favourable 
to atmospheric nitrogen-fixing cyanobacteria. Finally, zooplankton δ15N signatures mirrored 
the seasonal changes in δ15N-PN and were consistently 3.0 ± 1.1‰ heavier than the PN pool, 
highlighting their dependence on autochthonous sources of organic matter in this tropical 
large lake.    
2.2. Introduction 
Stable carbon (C) and nitrogen (N) isotope analyses of diverse inorganic and organic 
components have been successfully used to assess the origin of organic matter and better 
understand its cycling in aquatic systems (Lehmann et al. 2004). For instance, an extensive 
sampling of diverse C and N pools during an annual cycle in the Loch Ness showed important 
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seasonal variation of the 13C/12C and 15N/14N ratios in the crustacean zooplankton biomass, 
reflecting a diet switch from allochthonous to autochthonous organic matter sources (Grey et 
al. 2001). In small humic, boreal lakes with permanently anoxic waters, stable C isotope 
analyses allowed also to establish that methanotrophic bacteria could be an important food 
source for crustacean zooplankton, and hence methane-derived C contributed to fuel a large 
fraction of the lake food web (Kankaala et al. 2006). Analyses of the stable C isotope 
composition of carbonates and organic matter in sedimentary records of stratified lakes can 
also provide reliable information about past land use of the catchment (Castañeda et al. 2009), 
or be used to infer changes in lake productivity and climate (Schelske & Hodell 1991). 
However, a detailed understanding of the stable isotope dynamics in the water column is a 
prerequisite for a good interpretation of isotope data from sedimentary archives (Lehmann et 
al. 2004).  
A new paradigm progressively emerged during the last decade, proposing that 
freshwaters ecosystems are predominantly net heterotrophic, as respiration of organic matter 
exceeds autochthonous photosynthetic production (Del Giorgio et al. 1997, Cole 1999, Duarte 
& Prairie 2005). This concept seems to hold especially true for oligotrophic, unproductive 
ecosystems (Del Giorgio et al. 1997), where the C cycle would be dominated by substantial 
inputs of allochthonous organic matter of terrestrial origin, which support the production of 
heterotrophic organisms. Net heterotrophy has been recognised as one of the main cause for 
the net emission of carbon dioxide (CO2) emissions from freshwater ecosystems to the 
atmosphere (Prairie et al. 2002). The global net CO2 emissions from lakes would approximate 
0.64 Pg C yr-1 (Aufdenkampe et al. 2011). However, the current understanding of the role of 
inland waters on CO2 and emissions could be biased because most observations were obtained 
in temperate and boreal systems, and mostly in medium to small-sized lakes, during open-
water (ice-free) periods, but tropical and temperate lakes differed in some fundamental 
characteristics. Among them, the constantly high temperature and irradiance have strong 
effects on water column stratification and biological processes (Sarmento 2012). For instance, 
primary production in tropical lakes has been recognised to be twice higher than in temperate 
lakes, on a given nutrient base (Lewis 1996). Also, the contribution of dissolved primary 
production in oligotrophic tropical lake has been found to substantially more important than 
in their temperate counterparts (Morana et al. 2014). 
East Africa harbours the densest aggregation of large tropical lakes (Bootsma & 
Hecky 2003). Some of them are among the largest (lakes Victoria, Tanganyika, Malawi), or 
deepest lakes in the world (lakes Tanganyika, Malawi, Kivu) and consequently remain 
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stratified all year round. Due to the size and the morphometric traits of the East African large 
lakes, pelagic processes are predominant in these systems, with the microbial food web 
playing a particularly essential role in organic matter transfer between primary producers and 
higher levels of the food web, as well as in nutrient cycling (Descy & Sarmento 2008). Most 
of them are also characterized by highly productive fisheries that provide an affordable food 
source to  local populations (Descy & Sarmento 2008). However, while these lakes are 
potentially important components of biogeochemical cycles at the regional scale (Borges et al. 
2011), and their significance for local populations from an economic perspective (Kaningini 
1995), the East African large lakes are relatively little studied, most probably because of their 
remote location combined to frequent political unrest. 
In this study, we present a comprehensive data set covering a full annual cycle, 
including hydrochemical data and measurements of the concentration of dissolved methane 
(CH4) and the concentrations and stable isotope compositions of dissolved inorganic carbon 
(DIC), dissolved and particulate organic carbon (DOC and POC), particulate nitrogen (PN), 
and zooplankton. Data were acquired during one full year at a fortnightly/monthly temporal 
resolution. We aimed to assess the net metabolic status of Lake Kivu, the seasonal and depth 
variability of sources of organic matter within the water column, and the relative contribution 
of autochthonous or allochthonous organic matter to the zooplankton. To our best knowledge, 
this is the first detailed study to assess the seasonal dynamics of different organic matter 
reservoirs by means of their stable isotope composition in any of the large East African lakes. 
2.3. Material and methods  
Lake Kivu (East Africa) is a large (2370 km²) and deep (maximum depth of 485 m) 
meromictic lake located at the border between the Democratic Republic of the Congo and 
Rwanda. Its vertical structure consists of an oxic and nutrient-poor mixed layer down to a 
mxiamum of 70 m, and a permanently anoxic monimolimnion rich in dissolved gases (CH4, 
and CO2) and inorganic nutrients. Seasonal variation of the vertical position of the oxic-
anoxic transition is driven by contrasting air humidity and incoming long-wave radiation 
between rainy (October-May) and dry (June-September) season (Thiery et al. 2014). The 
euphotic zone, defined at the depth at which light is 1% of surface irradiance, is relatively 
shallow (annual average :18 m, Darchambeau et al. 2014).  
Sampling was carried out in the Southern Basin  (02°20’S, 28°58’E) of Lake Kivu 
between January 2012 and May 2013 at a monthly or fortnightly time interval. Vertical 
oxygen (O2), temperature and conductivity profiles were obtained with a Hydrolab DS5 
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multiprobe. The conductivity cell was calibrated with a 1000 µS cm-1 (25°C) Merck standard 
and the O2 membrane probe was calibrated with humidity saturated ambient air. Water was 
collected with a 7 L Niskin bottle (Hydro-Bios) at a depth interval of 5 m from the lake 
surface to the bottom of the mixolimnion, at 70 m. Additionally, zooplankton was sampled 
with a 75-cm diameter, 55-µm mesh plankton net hauled along the whole mixolimnion (0-
70m).   
Samples for CH4 concentrations were collected in 50 ml glass serum bottles from the 
Niskin bottle with a tube, left to overflow, poisoned with 100 µl of saturated HgCl2 and sealed 
with butyl stoppers and aluminium caps. Concentrations of CH4 were measured by headspace 
technique using gas chromatography (Weiss 1981) with flame ionization detection (SRI 
8610C), after creating a 20 ml headspace with N2 in the glass serum bottles, and then 
analyzed as described by Borges et al. (2011). 
Samples for stable C isotopic composition of dissolved inorganic carbon (δ13C-DIC) 
were collected by filling with water directly from the Niskin bottle 12 mL headspace vials 
(Labco Exetainer) without bubbles. Samples were preserved with the addition of 20 µL of a 
saturated HgCl2 solution. Prior to the analysis of δ13C-DIC, a 2 ml helium headspace was 
created and 100 µL of phosphoric acid (H3PO4, 99%) was added in the vial in order to convert 
all inorganic C species to CO2. After overnight equilibration, 200 µL of gas was injected with 
a gastight syringe into a EA-IRMS (Thermo FlashHT with Thermo DeltaV Advantage). The 
obtained data were corrected for isotopic equilibration between dissolved and gaseous CO2 as 
described in Gillikin and Bouillon (2007). Calibration of δ13C-DIC measurement was 
performed with the international certified standards IAEA-CO1 and LSVEC. Measurements 
of total alkalinity (TA) were carried out by open-cell titration with HCl 0.1 mol L-1 according 
to Gran (1952) on 50 mL water samples, and data were quality checked with certified 
reference material obtained from Andrew Dickinson (Scripps Institution of Oceanography, 
University of California, San Diego, USA). Typical reproducibility of TA measurements was 
better than ± 3 µmol L-1.  DIC concentration was computed from pH and TA measurements 
using the carbonic acid dissociation constants of Millero et al. (2006).  
Samples for DOC concentration and stable C isotopic composition (δ13C-DOC) were 
filtered through pre-flushed 0.2µm syringe filters, kept in 40ml borosilicate vials with Teflon-
coated screw caps and preserved with 100 µL of H3PO4 (50%). Sample analysis was carried 
out with a IO Analytical Aurora 1030W where complete oxidation of the sample is ensured 
by the combination of sodium persulfate addition, heating, and UV radiation. Quantification 
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and calibration of DOC and δ13C-DOC was performed with IAEA-C6 and an internal sucrose 
standard (δ13C = -26.99 ± 0.04 ‰) calibrated against international reference materials.   
Samples for POC and particulate nitrogen (PN) concentration and stable carbon and 
nitrogen isotope composition (δ13C-POC; δ15N-PN) were obtained by filtering a known 
volume of water on pre-combusted (overnight at 450°C) 25 mm glass fiber filters (Advantec 
GF-75 ; 0.3 µm), kept frozen until subsequent processing. The filters were later decarbonated 
with HCl fumes for 4 h, dried and packed in silver cups prior to analysis on a EA-IRMS 
(Thermo FlashHT with Thermo DeltaV Advantage). Calibration of δ13C-POC, δ15N-PN, POC 
and PN measurements was performed with acetanilide (δ13C = - 27.65 ± 0.05 ; δ15N = 1.34 ± 
0.04) and leucine (δ13C = - 13.47 ± 0.07 ; δ15N = 0.92 ± 0.06) as standards. All standards were 
internally calibrated against the international standard IAEA-C6 and IAEA-N1. 
Reproducibility of δ13C-POC and δ15N-PN measurement was typically better than ± 0.2 ‰ 
and relative standard deviation for POC and PN measurement were always below 5%. 
Samples for δ13C and δ15N of zooplankton were collected on precombusted 25 mm glass fiber 
filters (Advantec GF-75 ; 0.3 µm), and dried. Subsequent preparation of the samples and 
analysis on the EA-IRMS were performed similarly as described for the δ13C-POC and δ15N-
PN samples. 
Pigment concentrations were determined by high performance liquid chromatography 
(HPLC). 2-4 L of waters were filtered through Macherey-Nägel GF-5 filter (average retention 
of 0.7 µm). Pigment extraction was carried out in 10 mL of 90% HPLC grade acetone. After 
two sonication steps of 15 min separated by an overnight period at 4°C, the pigments extracts 
were stored in 2 mL amber vials at -25°C. HPLC analysis was performed following the 
gradient elution method described in Wright et al. (1991), with Waters system comprising 
photodiode array and fluorescence detectors. Calibration was made using commercial external 
standards (DHI Lab Products, Denmark). Reproducibility for pigment concentration 
measurement was better than 7%. Pigment concentrations were processed with the 
CHEMTAX software (CSIRO Marine Laboratories) using input ratio matrices adapted for 
freshwater phytoplankton (Descy et al. 2000). Data processing followed a procedure similar 
to that of Sarmento et al. (2006) in Lake Kivu, that allows to estimate chlorophyll a (Chl a) 
biomass of cyanobacteria, taking into account variation of pigment ratios with season and 
depth. 
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2.4. Results  
 
22.6
22.8
23
23.2
23.4
23.6
23.8
24
24.2
24.4
24.6
24.8
25
25.2
25.4
25.6
-70
-60
-50
-40
-30
-20
-10
0
-70
-60
-50
-40
-30
-20
-10
0
1
2
3
4
5
6
-70
-60
-50
-40
-30
-20
-10
0
0
10
20
30
40
50
60
70
80
90
100
D
ep
th
 (m
)
D
ep
th
 (m
)
D
ep
th
 (m
)
oxycline
F      M       A       M      J        J       A       S       O       N       D       J       F       M      A       M
Month  
Figure 7. Temporal variability of (a) temperature (°C), (b) oxygen saturation (%), and (c) the log‐transformed 
CH4 concentration (µmol L‐1) in the mixolimnion of Lake Kivu, between February 2012 and May 2013. Small 
crosses in the figure (a) represent each sampling points. 
Analysis of the vertical and seasonal variability of temperature and dissolved O2 
concentrations during 18 months allow to divide the annual cycle into two distinct 
limnological periods. Rainy season conditions resulted in a thermal stratification within the 
mixolimnion (October-June) while the dry season was characterized by deeper vertical 
oxic – anoxic interface 
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mixing of the water column down to the upper part of the permanent chemocline at 65 m 
(July-September) (Fig. 1a). The vertical position of the oxycline varied seasonally: the oxic-
anoxic transition reached its deepest point (65 m) during the dry season, then became 
gradually shallower after the re-establishment of the thermal stratification within the 
mixolimnion at the start of the following rainy season to finally stabilize at approximately 
35m, corresponding to the bottom of the mixed layer during the rainy season (Fig. 1b). The 
temporal variability of the vertical distribution of CH4 corresponded well with the seasonal 
variation of  the oxycline. The CH4 concentrations were very high in the monimolimnion 
throughout the year (average at 70 m : 356 ± 69 µmol L-1, n = 24) but sharply decreased at the 
oxic-anoxic transition, and were 4 orders of magnitude lower in surface waters (annual 
average at 10 m : 0.062 ± 0.016 µmol L-1, n = 24) (Fig. 1c).  
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Figure 8. Depth profile of the δ13C of the dissolved inorganic carbon (DIC) pool in the mixolimnion during the 
dry (18/07/12) and the rainy (20/03/13) season and (b) temporal variation of the δ13C‐DIC in the mixed layer 
of Lake Kivu between January 2012 and June 2013. 
DIC concentrations in the mixed layer were very high (annual average at 10 m : 
11.942 ± 0.223 µmol L-1, n = 24) and did not show any consistent seasonal pattern (not 
illustrated). The δ13C-DIC values were vertically homogeneous in the mixed layer but 
gradually decreased in the oxycline to reach minimal values at 70 m (Fig. 2a). δ13C-DIC 
values in the mixed layer increased linearly with time during the rainy season (r2 = 0.79, n = 
12), then suddenly decreased at the start of the dry season due to the vertical mixing with 13C-
depleted  DIC from deeper waters (Fig. 2b). The DOC concentration (142 ± 20 µmol C L-1, n 
= 304) and δ13C-DOC signature (-23.2 ± 0.4 ‰, n = 304) did not show any consistent 
variations with depth or time in the mixolimnion during all the sampling period. A vertical 
profile performed down to the lake floor revealed that the δ13C-DOC did not vary neither in 
  a             b 
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the monimolimnion (vertical profile average : - 23.0 ‰ ± 0.2, n = 18, Fig. 3), however an 
important increase in DOC concentrations was observed starting at 260 m (Fig. 3), to reach a 
maximum near the lake floor (350 m, 301 µmol L-1).  
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Figure  9.  Vertical  profile  from  the  lake  surface  to  the  lake  floor  of  the  dissolved  organic  carbon  (DOC) 
concentration (µmol L‐1) and the δ13C signature of the DOC pool, in September 2013. 
The concentration of POC was substantially higher in the mixed layer than below in 
the mixoliminion all over the year. However during the dry season, POC concentrations in the 
oxycline (~50-65m) were found to be as high as in surface water (Fig. 4a). POC concentration 
integrated over the mixolimnion (0-70 m) averaged 2157 ± 4 mmol m-2 (n = 19) and did not 
vary between the rainy and dry seasons. The isotopic signature of the POC pool stayed almost 
constant throughout the year in the mixed layer (at 10 m : -23.8 ± 0.8‰, n = 19), but at the 
top of the oxic-anoxic transition, δ13C-POC values systematically decreased sharply (at the 
oxic-anoxic transition : -33.9 ± 4.3‰, n = 19) (Fig. 4b). The vertical position of this abrupt 
excursion toward more negative values followed closely the oxycline, and was therefore 
located deeper in the water column during the dry season.  
The concentrations of the PN pool in the water column followed the same pattern than 
POC (Fig. 4c). The PN pool was larger in the mixed layer than below in the water column 
during most of year. However, higher PN concentrations were measured in the oxycline 
during the dry season (Fig. 4c). The molar C:N ratio in the mixolimnion varied depending on 
season, being significantly higher (t-test ; p < 0.05) during the rainy season (11.2 ± 2.4, n = 
15) than during the dry season (8.1 ± 0.9, n = 4). δ15N-PN values in the mixed layer oscillated 
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Figure 10. Temporal variability of (a) the particulate organic carbon (POC) concentration (µmol L‐1), (b) the 
δ13C signature of the POC pool, and (c) the particulate nitrogen (PN) concentration (µmol L‐1) in the 
mixolimnion of Lake Kivu, between February 2012 and May 2013. 
between 0 ‰ and 1 ‰ during the rainy season but shifted toward significantly higher values 
during the dry season (3‰ - 4‰) (Fig. 5a). δ15N-zooplankton mirrored the seasonal 
variability of δ15N-PN in the mixed layer with a small time-shift, ranging between 3‰ - 5‰ 
during the rainy season, then increasing at the start of dry season to reach a maximum of 
7.5‰ (Fig. 5a). The difference between δ15N-zooplankton and δ15N-PN was on average 3.0 ± 
1.1 ‰ (n = 19) and did not follow any clear seasonal pattern. The δ13C signature of the  
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Figure 11. Temporal variability of (a) the δ15N signature of the particulate nitrogen (PN) pool and 
zooplankton in the mixed layer, and (b) the chlorophyll a (Chla) concentration (mg Chla m‐2) and the relative 
contribution of cyanobacteria to the phytoplankton assemblage (%) in the mixolimnion, between February 
2012 and May 2013.  
zooplankton was on average -22.9  ± 0.8 ‰ (n = 19) and did not vary between seasons (Fig. 
6.). 
Chlorophyll a concentrations exhibited little variation during the rainy season (average 
74 ± 15 mg Chl a m-2, n = 16) but increased significantly during the dry season to reach a 
maximal value (190 mg Chla m-2) in September 2012 (Fig. 5b). This increase corresponded 
with a change in phytoplankton community composition. The relative contribution of 
cyanobacteria to the phytoplankton assemblage, as assessed from the concentration of marker 
pigments, was smaller during the dry season than in the preceding (t-test ; p < 0.01, meanjan-jun 
= 23.4 ± 5.5%, meanjul-sep = 9.4 ± 1.3%) and the following (t-test ; p < 0.05, meanoct-may = 14.6 
± 3.8%, meanjul-sep = 9.4 ± 1.3%) rainy seasons (Fig. 5b).  
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Figure 12. Temporal  variability of  (a)  the  δ13C  signature of  the particulate organic  carbon  (POC) pool and 
zooplankton in the mixed layer, between February 2012 and May 2013.  
a              b 
 39 
 
2.5. Discussion 
Stable isotope analysis of DIC is a useful tool for understanding the fate and assess the 
sources of C in aquatic ecosystems and could provide information on the lake metabolism, 
defined as the balance between gross primary production and community respiration of 
organic matter. Primary producers preferentially incorporate the lighter isotopes (12C) into the 
biomass with the consequence that the heavier isotopes (13C) accumulate into the DIC pool, 
whereas mineralization releases 13C-depleted CO2 from the organic matter being respired, into 
the DIC pool. Therefore, increasing primary production leads to higher δ13C-DIC but 
increasing respiration should tends to decrease δ13C-DIC (Bade et al. 2004). For instance, 
several studies conducted in temperate lakes have reported a significant increase in δ13C-DIC 
during summer, resulting from increased primary production (Herczeg 1987, Hollander & 
McKenzie 1991).  
In Lake Kivu, a linear increase of δ13C-DIC with time was observed during the 
stratified rainy season. It appears unlikely that this linear isotopic enrichment of the DIC pool 
in the mixed layer would be due to physical processes : the δ13C-DIC signature of the DIC 
input from the inflowing rivers (Borges et al. 2014) and deep waters (Fig. 3a) was lower than 
the δ13C-DIC in the mixed layer. Therefore, the increase in δ13C during the rainy season 
would reflect a net DIC biogenic uptake of a biological origin. However, a small decrease in 
δ13C-DIC was recorded early in July 2012, but was concomitant with the deepening of the 
mixed layer observed during the dry season. As the depth profile of δ13C-DIC revealed that 
the DIC pool was isotopically lighter in the bottom of the mixolimnion, the measurement of 
lower δ13C-DIC values during the dry season could resulted from the seasonal vertical mixing 
of surface waters with bottom waters containing relatively 13C-depleted DIC. Overall, the 
seasonal variability of δ13C-DIC in the mixed layer would suggests that photosynthetic CO2 
fixation exceed the respiration of organic matter, implying that the surface waters of Lake 
Kivu are net autotrophic, and indicating that the microbial food web would be supported by 
autochthonous organic C sources. This observation is supported by the recent study of Borges 
et al. (in press) who reported, based on a DIC mass balance approach, that the mixed layer of 
Lake Kivu was net autotrophic while acting as a source of CO2 to atmosphere driven by 
geogenic CO2 inputs.  
These results are in contradiction with the commonly held view that oligotrophic 
lacustrine and marine systems tend to be net heterotrophic (Del Giorgio et al. 1997, Cole 
1999). However, paradigms established with data from comparatively small temperate or 
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humic boreal lakes may not directly apply to large tropical lakes (Bootsma & Hecky 2003). 
First, due to the warmer temperature in the tropics phytoplankton production is comparatively 
higher in the East African large lakes compared with the Laurentian Great lakes, despite 
similar phytoplankton abundance (Bootsma & Hecky 2003). Second, the fact that organic 
matter respiration in Lake Kivu would not exceed autochtonous primary production may 
partly be related to some of the morphometrical traits of the lake. The ratio between the lake 
surface area (2370 km2) and its catchment area (5100 km2) is particularly small, among the 
lowest globally (Spigel and Coulter 1996), and therefore riverine inputs of dissolved and 
particulate organic matter from its catchment area (0.7 – 3.3 mmol m-2 d-1, Borges et al. 2014) 
are minimal compared to the phytoplankton particulate primary production (49 mmol m-2 d-1; 
Darchambeau et al. 2014), being approximately 50 times lower. Further, lake Kivu is 
relatively organic poor with DOC concentrations of ~ 0.2 mmol L-1 in contrast with boreal 
humic lakes with DOC concentrations on average of ~1 mmol L-1 (Sobek et al. 2007) with 
values up to ~4.5 mmol L-1 (Weyhenmeyer & Karlsson 2009).  
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Figure 13. Relationship between the δ13C signature of the particulate and dissolved organic carbon pool (POC 
and DOC, respectively) in the mixed layer. 
Despite the net autotrophic status of the mixed layer of lake Kivu, the δ13C data 
indicate a difference in the origins of the POC and DOC pools in the mixed layer. Indeed, the 
δ13C-DOC showed very little variation and appeared to be vertically and temporally 
uncoupled from the POC pool in the mixed layer (Fig. 7). A recent study (Morana et al. 2014, 
see Chapter 3) demonstrated that phytoplankton extracellular release of DOC is relatively 
high in Lake Kivu, and the fresh and labile autochthonous DOC produced by cell lysis, 
grazing or phytoplankton excretion, that would reflect the δ13C signature of POC, is quickly 
mineralized by heterotrophic bacteria. Therefore, it appears that the freshly produced 
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autochtonous DOC would contribute less than 1% of the total DOC pool (Morana et al. 2014), 
and as standing stocks of phytoplankton-derived DOC seems very small, it can be 
hypothesized that the bulk DOC pool is mainly composed of older, more refractory 
compounds that would reach the mixed layer through vertical advective and diffusive fluxes. 
Indeed, the δ13C signature of the DOC in the monimolimnion (80 m – 370 m, -23.0 ± 0.2 ‰, n 
= 24) did not differ from the δ13C-DOC in the mixolimnion (0 m – 70 m, -23.2 ± 0.2‰, n = 
5), suggesting that they share the same origin (Fig. 4).  
The concentration of the POC pool varied largely with depth, being the highest in the 
0-20m layer, i.e. roughly the euphotic zone. However, during the dry season, POC 
concentrations was almost as high in the oxycline than in surface waters. High POC 
concentrations in deep waters have frequently been observed in lakes, usually as a result from 
the resuspension of benthic sediments near the lake floor or to the accumulation of 
sedimenting material in density gradients (Hawley and Lee 1999). However, in the deep Lake 
Kivu, this maximum POC zone is located approximately 300 m above the lake floor and is 
characterized by a strong depletion in 13C of the POC pool. While DIC would be the major C 
source of the POC pool in the mixed layer, the important decrease of δ13C-POC values 
observed in the oxycline suggests that another 13C-depleted C source was actively 
incorporated into the biomass at the bottom of the mixolimnion. Slight depletion in 13C of the 
POC pool in oxyclines, such as in the Black Sea, has sometimes been interpreted as a result of 
to the heterotrophic mineralization of the sedimenting organic matter (Coban-Yildiz et al. 
2006), but it seems unlikely that, in Lake Kivu, heterotrophic processes could have caused an 
abrupt excursion of δ13C-POC to values as low as -41.6 ‰ (65 m, 22/08/12). Such large 
isotopic depletion of the POC pool in the water column have been reported by Blees et al. 
(2014), who measured δ13C-POC as low as -49‰ in Lake Lugano, and they were related to 
high methanotrophic activity. In Lake Kivu, CH4 concentrations were found to decrease 
sharply at the oxic-anoxic transition (Borges et al. 2011), and the dissolved CH4 that reached 
the oxycline via turbulent diffusivity and vertical advection (Schmid et al. 2005) is known to 
be isotopically light, with a δ13C signature of approximately -60 ‰ (Pasche et al. 2011, 
Morana et al. submitted, see Chapter 4). Therefore, the vertical patterns in CH4 concentrations 
and δ13C-POC values observed during this study suggests that a substantial part of CH4 was 
consumed and incorporated into the microbial biomass in the oxycline. Experiments carried 
out in Lake Kivu in February 2012 and September 2012 showed that microbial CH4 oxidation 
occurred in the oxycline, and phospholipid fatty acids analysis revealed high abundance of 
methanotrophic bacteria of type I at the same depths (Morana et al. submitted, Chapter 4). 
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From the isotope fractionation factor during microbial CH4 oxidation (1.016, Morana et al. 
submitted, Chapter 4), and from the δ13C-CH4 at each sampling point, it is possible to 
estimate the theoretical δ13C signature of methanotrophic organisms at each depth. The δ13C-
CH4 was not directly measured during this study but a very strong linear correlation between 
the log-transformed CH4 concentrations and δ13C-CH4 was found along vertical profiles 
performed in February and September 2012 in Lake Kivu (δ13C-CH4 = -7.911 log(CH4) – 
13.027; r² = 0.87, n = 34 ; Morana et al. submitted), hence δ13C-CH4 could be approximated 
for each sampling point using this empirical relationship. A simple isotope mixing model with 
the δ13C signature of methanotrophs and the average δ13C-POC in the mixed layer as end-
members allowed to determine the contribution of CH4-derived C to POC at each sampling 
depth.  
It appears that 4.4 ± 1.9 % (n = 13) and 6.4 ± 1.6 % (n = 5) of the depth-integrated 
POC pool in the mixolimnion derived from CH4 incorporation into the biomass during the 
rainy and dry season, respectively, and these percentages did not significantly differ between 
seasons (two-tailed t-test, p = 0.055). Nevertheless, the low δ13C signatures measured locally 
in the oxycline indicate that the contribution of CH4-derived C could be episodically as high 
as 50 % (65 m, 22/08/12). Overall, this illustrates that, whatever the season, CH4-derived  
organic C accounted for a considerable part of the POC pool, and highlight the ecological 
importance of microbial CH4 oxidation processes in the water column of Lake Kivu. Along 
with heterotrophic mineralization of the sinking organic matter and presumably other aerobic 
chemoautotrophic processes occurring in the oxycline, such as nitrification (Llirós et al. 
2010), CH4 oxidation would have contributed substantially to O2 consumption in the water 
column and hence was partly responsible for the seasonal uplift of the oxycline observed after 
the re-establishment of the thermal stratification during the rainy season. Furthermore, the 
methanotrophs in the oxycline would actively participate to the dissolved inorganic 
phosphorus (DIP) uptake, and hence would contribute to exert an indirect control on 
phytoplankton by constantly limiting the vertical DIP flux to the illuminated surface waters 
(Haberyan and Hecky 1987). Indeed, phytoplankton in Lake Kivu suffers of a severe P 
limitation throughout the year as pointed out by the relatively high sestonic C:P ratio (256.3 ± 
75.1 ; Sarmento et al. 2009 ; Darchambeau et al 2014).   
The δ15N signature of the autochthonous organic matter in the mixed layer of Lake Kivu 
oscillated around 0 ‰ during the rainy season in Lake Kivu but was significantly higher 
during the dry season (3 ‰ – 4 ‰). Also, the δ15N-PN in the mixed layer correlated 
negatively with the proportion of cyanobacteria in waters (Fig. 8, Pearson’s r : -0.65, p = 
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0.004‰, n = 17). This pattern may highlight the seasonal importance of N2-fixing 
cyanobacteria in Lake Kivu during the rainy season. Indeed, the δ15N signature of 
atmospheric N2 is close to 0 ‰ and  isotope fractionation during cyanobacterial N2-fixation is 
known to be small (Fogel & Cifuentes 1993). Several studies carried out in marine (Pacific 
Ocean and Gulf of Mexico) and lacustrine (Lake Lugano) systems have shown that δ15N-PN 
varied between -2 ‰ and +1 ‰ when N2-fixing cyanobacteria were dominating the 
phytoplankton assemblage (Wada 1976, Macko et al. 1984, Lehmann et al. 2004). Moreover, 
a good relationship between the δ15N-PN and the abundance of N2-fixing cyanobacteria has 
already been reported for others systems, such as coastal lagoon (Lesutiene et al. 2014).  
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Figure 14. Relationship between the relative contribution of cyanobacteria to the phytoplankton assemblage 
(%) and the δ15N signature of the particulate nitrogen pool in the mixed layer  
In Lake Victoria, biological N2 fixation has been identified has the largest input of N, 
exceeding atmospheric deposition and river inputs, and N2 fixation has been found to increase 
with light availability (Mugidde et al. 2003). In Lake Kivu, several heterocysted 
cyanobacteria species has been identified in the water column, especially during the rainy 
season (Sarmento et al. 2007). This suggests that during the rainy season, when thermal 
stratification of the mixolimnion leads to reduced nitrogen supply combined with exposure to 
high light levels, N2-fixing cyanobacteria would have a competitive advantage which may 
explain their seasonally higher contribution to the autochtonous organic matter pool 
(Sarmento et al., 2006). Indeed, the significantly higher molar C:N ratio during the rainy 
season than the dry season indicates that N-limitation in the mixed layer was stronger during 
the rainy season (this study, Sarmento et al. 2009). By contrast, the deepening of the mixed 
layer during the dry season leads to increased nutrients input and reduced light availability 
that favours alternative phytoplankton strategies (Hecky & Kling, 1987; Sarmento et al. 2006; 
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Darchambeau et al. 2014), and consequently the proportion N2-fixing cyanobacteria 
decreases. A similar seasonal pattern of N2 fixation was reported in Lake Victoria by 
Mugidde et al. (2003). This seasonal pattern in N-limitation is in Lake Kivu some extent 
different from what is expected in temperate lakes. Intuitively, one would expect nitrogen 
limitation to be smaller during the rainy season because nitrogen runoff from the catchment 
area would be higher than during the dry season. However, in Lake Kivu, internal nutrient 
loading (via the advective and turbulent diffusive upward fluxes) dominates largely over 
external nutrient inputs, as also observed in other East African Great Lakes (Muvundja et al. 
2009). Hence, the seasonal variability in the nutrient inputs from rivers should affect only 
little the phytoplankton ecology. 
In contrast with the rather constant δ13C signature of zooplankton (-22.9  ± 0.8 ‰), the 
δ15N analysis revealed that the δ15N of zooplankton varied importantly, following well the 
seasonal change in δ15N-PN in the mixed layer. The difference between δ15N-zooplankton and 
δ15N-PN (Δ15NZoo-PN) was on average 3.2 ± 1.0 ‰ throughout the year while it was on 
average enriched in 13C (Δ13CZoo-POC) by 0.9 ± 0.8 ‰. In nature, comparison of the δ15N 
signature of consumers and their diet indicates that the δ15N value increases consistently with 
the trophic level, because of the preferential excretion of the isotopically lighter 14N (Montoya 
et al. 2002). However the C isotope fractionation consumers and diet is usually considered to 
be less than 1 ‰ (Sirevag et al. 1977) The constant Δ15NZoo-PN value found in Lake Kivu is 
within the range of trophic level enrichment between algae and Daphnia magna (~2 ‰ to 5 
‰) estimated in laboratory experiment (Adams and Sterner 2000), and very close to the 
cross-system trophic enrichment value (3.4 ± 1.0 ‰) proposed by Post (2002). Together with 
the slight enrichment in 13C compared with the autochtonous POC pool, δ13C and δ15N 
analysis suggests that zooplankton directly incorporate algal-derived organic matter in their 
biomass (Masylia 2011), and they would rely almost exclusively on this source of organic 
matter throughout the year. This is in general agreement with the very low allochthonous 
organic matter inputs from rivers in Lake Kivu (Borges et al. 2014). 
In summary, stable isotope data revealed large seasonal variability in the δ15N 
signature of the PN pool, most likely related to changes in the phytoplankton assemblage and 
to N2-fixation. In contradiction with the common observation that  oligotrophic aquatic 
ecosystems tend to be net heterotrophic, the seasonality of δ13C-DIC suggests that the mixed 
layer of Lake Kivu is net autotrophic, supporting the conclusions of Borges et al. (in press), 
based on DIC mass balance considerations. The δ13C-POC showed an important variation 
with depth due the abundance of methanotrophic bacteria in the oxycline that fixed the lighter 
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CH4-derived C into their biomass. The δ13C-POC and δ13C-DOC appeared to be uncoupled 
vertically and temporally, which could indicates that most of the DOC pool was composed of 
relatively refractory compounds. Finally, the δ13C of zooplankton mirrored the δ13C signature 
of the autochthonous POC pool, and its δ15N signature followed the seasonal variability of the 
δ15N-PN pool in good agreement with the expected consumer-diet isotope fractionation. This 
suggests that zooplankton would rely throughout the year on algal-derived biomass as a 
organic C source. Finally, the detailed analysis of the stable isotope composition of diverse 
organic and inorganic components carried out during this study allowed to trace the organic 
matter dynamics in Lake Kivu during one seasonal cycle, and might be useful to improve the 
interpretation of sedimentary archives of this large and deep tropical lake.  
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Chapter 3. Production of dissolved organic matter by 
phytoplankton and its uptake by heterotrophic 
prokaryotes in large tropical lakes 
Adapted from : Morana, C., Sarmento, H., Descy, J-P., Gasol, J. M., Borges, A. V., Bouillon, 
S., & Darchambeau, F. (2014). Production of dissolved organic matter by phytoplankton and 
its uptake by heterotrophic prokaryotes in large tropical lakes. Limnology and 
Oceanography, 59(4): 1364-1375 
3.1. Abstract 
In pelagic ecosystems, phytoplankton extracellular release can extensively subsidize 
the heterotrophic prokaryotic carbon demand. Time-course experiments were carried out to 
quantify primary production, phytoplankton excretion, and the microbial uptake of freshly 
released dissolved organic carbon (DOCp) in 4 large tropical lakes distributed along a 
productivity gradient: Kivu, Edward, Albert, and Victoria. The contributions of the major 
heterotrophic bacterial groups to the uptake of DOCp was also analyzed in Lake Kivu using 
microautoradiography coupled to catalyzed reporter deposition fluorescent in situ 
hybridization. The percentage of extracellular release (PER) varied across the productivity 
gradient, with higher values at low productivity. Furthermore, PER was significantly related 
to high light and low phosphate concentrations in the mixed layer, and was comparatively 
higher in oligotrophic tropical lakes compared to their temperate counterparts. Both 
observations suggest that environmental factors play a key role in the control of 
phytoplankton excretion. Standing stocks of DOCp were small and generally contributed less 
than 1% to the total dissolved organic carbon, as it was rapidly assimilated by prokaryotes. In 
other words, there was a tight coupling between the production and the heterotrophic 
consumption of DOCp. None of the major phylogenetic bacterial groups investigated differed 
in their ability to take up DOCp, in contrast with earlier results reported for standard labeled 
single-molecule substrates (leucine, glucose, adenosine triphosphate). It supports the idea that 
the metabolic ability to use DOCp is widespread among heterotrophic prokaryotes. Overall 
these results highlight the importance of carbon transfer between phytoplankton and 
bacterioplankton in large African lakes. 
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3.2. Introduction 
In aquatic systems, the dissolved organic carbon (DOC) pool is a mixture of molecules 
in a continuum of biological lability, with components from different origins: allochthonous, 
in fresh waters mainly deriving from the watershed runoff, and autochthonous material 
produced in situ, such as DOC derived from phytoplankton extracellular release (DOCp) or 
cell lysis (Myklestad 2000). Both carbon (C) sources can be important to sustain the growth of 
heterotrophic prokaryotes but bacteria are highly selective towards the substrate they use 
(Sarmento and Gasol 2012). In most aquatic systems, heterotrophic bacteria preferentially use 
labile freshly produced DOCp over more recalcitrant allochthonous compounds (Pérez and 
Sommaruga 2006). Positive correlations between particulate primary production (pPP) and 
bacterial production (BP) have been reported for many aquatic systems (Cole et al. 1988; 
Fouilland and Mostajir 2010). These observations have been used to demonstrate the 
dependence of heterotrophic bacteria on phytoplankton activity mediated by the release of 
DOCp. But both phytoplankton and bacterial populations might also be regulated by the same 
environmental factors, such as inorganic nutrient availability, and then might co-vary with no 
major interaction (Fouilland and Mostajir 2010). One way to test the interaction strength 
between primary producers and bacteria is to measure the phytoplankton production of DOCp 
(dPP) and the kinetics of its uptake by heterotrophic prokaryotes (Morán et al. 2001; 
Sarmento and Gasol 2012). 
Despite its relevance in ecosystem studies, measurements of dPP are scarce, especially 
in freshwater ecosystems. Based on a literature review, Baines and Pace (1991) proposed an 
average cross-system percentage of extracellular release (PER) of 13% of total C fixation. 
However, when comparing freshwater and marine data, it was observed that PER in marine 
systems was constant across the productivity gradient, while in temperate fresh waters PER 
was inversely related to productivity (Baines and Pace 1991). A similar inverse relation in 
temperate fresh water was found in the recent literature review of Fouilland and Mostajir 
(2010). There is a still ongoing debate on whether the DOCp release is an overflow 
mechanism, whereby DOCp is actively released by healthy phytoplankton cells and therefore 
constrained by the availability of photosynthates (Fogg 1983; Baines and Pace 1991; Morán 
et al. 2002), or a purely passive physiological mechanism of DOCp release, directly 
proportional to phytoplankton biomass (Bjørnsen 1988; Marañón et al. 2004). Several 
environmental factors affect PER rates, such as nutrient availability (Obernosterer and Herndl 
1995), light conditions (Fogg 1983), and temperature (Zlotnik et al. 1989), but no consensus 
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has been achieved so far on the key environmental factors that determine the importance of 
PER, and on how PER varies in function of each one of these factors. 
The aims of this study were to quantify dPP and the subsequent microbial uptake of 
DOCp in several large tropical lakes and to elucidate if the PER was constant, or not, across a 
range of productivity. Due to the constant exposure to low nutrient and high light conditions 
over long periods of time in oligotrophic tropical lakes, we expected a strong coupling 
between phytoplankton and heterotrophic prokaryotes through high DOCp release. We 
performed several time-course experiments of radiocarbon incorporation into dissolved and 
particulate organic pools, which allowed correcting for heterotrophic uptake of DOCp during 
the experiments. Furthermore, in one of our study sites (Lake Kivu), we applied the 
microautoradiography coupled with catalyzed reporter deposition fluorescence in situ 
hybridization (MAR-FISH) technique to assess the extent to which different groups of 
heterotrophic prokaryotes were active in the uptake of DO14Cp released by the natural 
phytoplankton communities, and 3H-leucine, a widely used tracer for BP measurements 
(Kirchman et al. 1985). 
3.3. Material and methods 
3.3.1. Study site and water sampling.  
Data were obtained in East-African large lakes Kivu, Edward, Albert, and Victoria 
(Fig. 1). Sampling in Lake Kivu was conducted in the main lake (Northern Basin 01°43’S, 
29°14’E; Southern Basin 02°20’S, 28°58’E) and in Kabuno bay (01°37’S, 29°02’E) in April 2009 
(late rainy season), October 2010 (rainy season), and June 2011 (dry season) (Fig. 1). Both 
systems are meromictic but differ in terms of morphometry with a shallower permanent 
chemocline in Kabuno Bay compared to the main lake (Borges et al. 2011). Lakes Edward 
(00°12’N, 29°49’E), Albert (01°48’N, 31°16’E), and Victoria (00°33’N, 33°16’E) were 
sampled in May 2012. They are shallower than Lake Kivu, holomictic, and consequently 
chlorophyll a (Chl a) concentrations are usually higher in their mixed layer. General 
limnological characteristics of the 4 lakes are provided in Table 1. The mixed layer depth was 
determined at each occasion based on in situ observed vertical profiles of temperature and 
oxygen obtained with a Yellow Springs Instruments 6600 v2 multiparameter probe. Water 
was collected with a 7 L Niskin bottle (Hydro-Bios) at a depth interval of 5 m from the 
surface to the bottom of the mixed layer, and was then pooled to obtain a representative 
sample of the mixed layer. The vertical light attenuation coefficient, K (m-1), was calculated 
from simultaneous measurements of surface irradiance with a Li-Cor LI-190 quantum 
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Figure 15. Map of lakes Kivu, Albert, Edward, and Victoria showing the location of the sampling sites (black 
circle) in April 2009, October 2010, and June 2011 in Lake Kivu, and in May 2012 in lakes Edward, Albert, and 
Victoria.  
 
 
 
      
 Lake Kivu 
(main lake) 
Lake Kivu 
(Kabuno Bay)
Lake 
Edward 
Lake 
Albert 
Lake 
Victoria 
Lake area (km²) 2322 48 2325 5300 68800 
Catchment area (km²) 4613 3 15840 17000 195000 
Maximum depth (m) 485 120 117 58 79 
Mean depth (m) 245 65 40 25 40 
Mixing regime meromictic meromictic holomictic holomictic holomictic 
Mixed layer temperature (°C) 23.0-24.5a 22.5-24.5a 25.2-27.2c 27.4-29.0c 25.2-27.7e 
Mean chlorophyll a (mg m-3) 2.2b 2.6a 5-10d 13-60e 26.5f 
Mean TP concentration (µmol L-1) 0.6a 1.0a 1.4d 2.5d 2.5f 
Mean euphotic depth 1% (m) 18b 10a 13d 6-12e 9e 
Table  2. General  limnological  characteristics  of  the  lakes  investigated.  a this  study;  b Darchambeau  et  al. 
2014; c Verbeke 1957; d Lehman et al. 1998; e R. Mugidde unpubl.; f Guildford and Hecky 2000. 
 55 
 
sensor and underwater photosynthetically active radiation (PAR) measurements with a 
submersible Li-Cor LI-193SA spherical quantum sensor. K was derived from the slope of the 
semi-logarithmic regression between relative quantum irradiance and depth. The mean 
irradiance in the mixed layer (Izm) was calculated following Riley (1957): 
Izm = I0 x (1-e-K x Zm) / (K x Zm)        (1) 
where I0 is the incident irradiance at the surface (µmol photon m-2 s-1), K (m-1) is the vertical 
light attenuation coefficient, and Zm (m) is the mixed layer depth. 
3.3.3. Chemical anlyses 
Phosphate (PO43-) concentrations were quantified spectrophotometrically following 
standard procedures (APHA 1998). Measurements of pH were carried out with a Metrohm 
(6.0253.100) combined electrode calibrated with US National Bureau of Standards buffers of 
pH 4.002 (25°C) and pH 6.881 (25°C) prepared according to Frankignoulle and Borges 
(2001). Measurements of total alkalinity (TA) were carried out by open-cell titration with HCl 
0.1 mol L-1 on 50 mL water samples, and data were quality checked with Certified Reference 
Material acquired from Andrew Dickson (Scripps Institution of Oceanography, University of 
California, San Diego). Typical precision for total alkalinity measurements was better than  ± 
3 µmol L-1. Dissolved inorganic carbon (DIC) was computed from pH and TA measurements 
using the carbonic acid dissociation constants of Millero et al. (2006). Water samples for 
DOC concentrations were filtered through pre-flushed 0.2 µm syringe filters in 40 mL 
borosilicate vials with Teflon-coated screw caps and preserved with 0.1 mL of H3PO4 (50%). 
DOC concentrations were measured with a customized Thermo Hipertoc coupled to a 
Delta+XL isotope ratio mass spectrometer (IRMS) whereby complete oxidation of the sample 
is ensured by a combination of sodium persulfate addition, heating, and ultraviolet radiation. 
Quantification and calibration was performed with a standard solution of sucrose purchased 
from the international atomic energy agency (IAEA-C6). Typical reproducibility for DOC 
analyse was in the order of < 5%. 
3.3.4. Chlorophyll a concentration  
Chlorophyll a (Chl a) concentrations were determined by high performance liquid 
chromatography (HPLC). At each sampling site, 3 L of water from the mixed layer pool was 
filtered on a Macherey-Nägel GF-5 filter (nominal porosity of 0.4 µm). Pigment extraction 
was carried out in 10 mL of 90% HPLC grade acetone. After two sonication steps of 15 min 
separated by an overnight period at 4°C, the extracts were stored in 2 mL amber vials at -
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25°C. HPLC analysis was performed following the method described in Sarmento et al. 
(2008), with a Waters system comprising photodiode array and fluorescence detectors. 
Calibration was made using commercial external standards (DHI Lab Products). Precision for 
Chl a measurement was better than ± 7%. 
3.3.5. Particulate and dissolved primary production, and heterotrophic uptake of freshly 
excreted compounds 
Particulate primary production and microbial uptake are usually estimated by tracing 
the incorporation of a radioactive tracer (14C) into two different size fractions representing 
phytoplankton (>2 µm) and heterotrophic prokaryotes (< 2 µm) (Cole et al. 1982). However, 
the important contribution of picophytoplankton (< 2 µm) to total phytoplankton biomass in 
some African lakes (21% in Lake Kivu, Sarmento et al. 2008) complicates the physical 
separation of the primary producers from heterotrophic prokaryotes by such a size-selective 
filtration. This problem may be overcome by measurement of the time course incorporation of 
14C into the dissolved (< 0.2 µm) and particulate (> 0.2 µm) phase, the latter including both 
heterotrophic prokaryotes and phytoplankton (Morán et al. 2001; 2002). Results are then 
modeled by a compartmental organic C exchange model extensively described by Morán et 
al. (2002), and briefly summarized in the next section. Due to the importance of 
picophytoplankton in some lakes studied, this approach was preferred for this study. 
In the field, aliquots of 40 mL of water from the mixed layer pool were introduced in 
transparent 70 mL sterile polycarbonate cell culture flasks. Each bottle was spiked with 62.5 
µCi of NaH14CO3 (specific activity of 40-60 mCi mmol-1; Perkin Elmer), and then incubated 
at in situ temperature under a constant PAR of 200 µmol photon m-2 s-1 provided by a Philips 
fluorescent lamp (PL 55W Daylight DeLuxe). This light intensity was close to the mean Izm of 
the investigated lakes at the time of the experiments (Table 2) and to the saturation irradiance 
value (Ik) reported for Lake Kivu (318 µmol photon m-2 s-1; Darchambeau et al. (2014). The 
incubations lasted for 5-6 h, and at every 30 or 60 min, biological processes were stopped into 
two transparent flasks by adding neutral formaldehyde (0.02% final concentration). Two 
additional aluminum foil covered flasks were processed in the same manner immediately at 
the beginning and at the end of the experiment, providing a dark incorporation control. The 
bottles were then kept overnight at 4°C before subsequent processing. From each flask, a 20 
mL subsample was filtered under low-pressure vacuum on membrane filters (Millipore 
GSWP; 0.22 µm nominal porosity) to separate the particulate from the dissolved fraction. In 
order to remove the labeled inorganic C (DI14C), liquid samples (DO14C) were acidified with 
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1 mL of HCl (6 mol L-1) and left open overnight in an orbital shaker, and filters (PO14C) were 
fumed overnight with concentrated HCl. Radioactivity of the filters and liquid samples was 
measured by a Packard Tri-Carb Liquid Scintillation Counter with Ultima Gold (Perkin 
Elmer) as scintillation cocktail and the external standard method for quench correction. T0 
values were subtracted from values of subsequent samples in order to correct for the abiotic 
radiocarbon incorporation. The radioactivity in dark incorporation control bottles at the end of 
every experiment were never significantly different than the respective T0-bottle values, 
therefore they were not subtracted. 
3.3.6. Organic C exchange model 
Assuming steady state, the experimental results were fitted with a 3-compartment 
model of organic C exchange extensively described in Morán et al. (2001; 2002). The rate of 
change of the radiocarbon content in the three different  compartments is described by the 
following equations (Fig. 2): 
 
 
 
 
 
 
 
 
dC1/dt = -k(2,1) x C1 + k(1,2) x C2 – k(3,1) x C1       (2) 
dC2/dt = k(2,1) x C1 – k(1,2) x C2 + k(2,3) x C3      (3) 
dC3/dt = k(3,1) x C1 – k(2,3) x C3        (4) 
where C1 is the radiocarbon concentration in the dissolved inorganic carbon pool, C2 is the 
radiocarbon concentration in the particulate organic carbon pool, and C3 is the radiocarbon 
concentration in the dissolved organic carbon pool; k(i,j) is the rate constant of carbon flux 
from the pool j to the pool i (in h-1). Hence, k(2,1) is the rate constant of pPP, k(1,2) is the rate 
constant of respiration of synthesized POC, inferred from its influence on the PO14C kinetics, 
C3 
C2 
OCR 
C1 
DOC  
< 0.2 µm 
k(3,1) 
k(2,1) 
DIC k(2,3) 
k(1,2) 
POC  
> 0.2 µm 
Figure 16. Schematic  representation of  the 3‐compartment model applied on  the experimental data. DIC =
dissolved  inorganic  carbon,  DOC  =  dissolved  organic  carbon,  POC  =  particulate  organic  carbon,  OCR  =
intracellular pool of organic carbon fated for release pool, see text and Morán et al. (2001) for further details.
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k(3,1) is the rate constant of phytoplankton excretion or dPP, and k(2,3) is the rate constant of 
heterotrophic uptake of freshly produced DOCp. 
A striking particularity of the model lies in the origin of the DOCp production flux. 
Although it is obvious that DOCp should first be incorporated by phytoplankton before its 
excretion, the model considers that the DOCp is directly produced from a sub-compartment 
integrated into the DIC pool, the organic C fated for release (OCR) pool. This sub-
compartment is defined as an intracellular phytoplankton C pool of organic compounds and is 
assumed to be quasi-instantaneously in isotopic equilibrium with the DIC pool (Morán et al. 
2001; 2002). This assumption was confirmed experimentally, for example by the absence of 
any lag-phase in DO14C kinetic curve when phytoplankton incorporates labeled-DIC (Wiebe 
et al. 1977; our own results below). 
Least-squares non-linear fitting of the model to dissolved (DO14C) and particulate 
(PO14C) radioactivity measurement was performed by the Saam II software (Epsilon Group). 
Data were weighted by the inverse of the standard deviation of duplicates. The pPP and dPP 
rates were respectively calculated from k(2,1) and k(3,1) multiplied by the DIC concentration. 
PER (%) was calculated as: 
PER = dPP/(pPP+dPP) x 100        (5) 
3.3.6. Microautoradiography coupled with catalyzed reporter deposition fluorescence in 
situ hybridization (MAR-FISH) 
 MAR-FISH allows the tracking at the single-cell level of substrate uptake by 
heterotrophic organisms. We investigated the heterotrophic uptake of two types of substrate: 
3H-leucine, a widely used tracer for bulk BP measurements (Kirchman et al. 1985), and an 
uncharacterized mixture of DO14Cp produced by natural lake water phytoplankton 
assemblages during the experiment. In 2011, in parallel to the dPP experiments carried out in 
Kabuno Bay and in the Southern Basin of Lake Kivu, four supplementary culture flasks were 
filled with 20 mL with water from the mixed layer pool and were spiked with 62.5 µCi of 
NaH14CO3. Two of these flasks were incubate during 5 h under a constant PAR as described 
above while the two others were covered of aluminum foil and incubated in the dark, in order 
to correct for bacterial DI14C uptake. The isotopic equilibrium between the DIC and DOCp 
pool was reached before the end of the 5 h incubations and the specific activity of the DO14Cp 
was 258 µCi mmol-1. Finally, two additional culture flasks were spiked with 3H-leucine (0.5 
nmol L-1 final concentration, specific activity: 162 Ci mmol-1) and kept in the dark for 5 h. 
Incubations were stopped by adding neutral formaldehyde (1.8% final concentration) and the 
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samples were stored overnight at 4°C, before gentle filtration of 5 mL on a 0.2 µm isopore 
membrane polycarbonate filter (Millipore). Filters were then stored at -20°C until further 
processing. 
Catalyzed reporter fluorescent in situ hybridization (CARD-FISH) analyses were 
carried out as follow. The cells were permeabilized with lyzozyme and achromopeptidase 
prior to the hybridization. Several horseradish peroxidase (HRP)-probes were used to 
characterize the composition of the bacterial community in the water samples, using the 
procedure described by Alonso-Sáez and Gasol (2007). The HRP-labeled probes used were: 
EUB338-II -III (target most Eubacteria); GAM42a (targets most Gammaproteobacteria); 
BET42a (targets most Betaproteobacteria); ALF968 (targets most Alphaproteobacteria); 
CF319 (targets many groups belonging to Bacteroidetes). The unlabeled competitor BET42a 
for GAM42a and GAM42a for BET42a, were used. Specific hybridization conditions were 
established by adding formamide to the hybridization buffer (45% formamide for ALF968, 
55% for the other probes). All probes were purchased from Biomers. Counterstaining of 
CARD-FISH preparations was done with 4,6 diamidino-2-phenylindole (DAPI, final 
concentration 1 µg mL-1). Between 500 and 1000 DAPI positive cells were counted with an 
Olympus BX61 epifluorescence microscope in a minimum of 10 fields. 
MAR-FISH analyses were performed after hybridization following the CARD-FISH 
protocol. The filters were glued onto glass slides with an epoxy adhesive (Uhu plus). The 
slides were embedded in 46ºC tempered photographic emulsion (Kodak NTB-2) containing 
0.1% agarose (gel strength 1%, >1 kg cm-2) in a dark room and placed on an ice-cold metal 
bar for about 5 min to allow the emulsion to solidify. They were subsequently placed inside 
black boxes at 4ºC until development. Based on preliminary trials, we used an optimal 
exposure time of 7 days for samples incubated with 3H-leucine and 10 days for samples 
incubated with DO14Cp. For development, exposed slides were submerged for 3 min in a 
developer (Kodak D-19), rinsed 30 s with distilled water, and then placed 3 min in a fixer 
(Kodak T-max) followed by 5 min of washing with tap water. The slides were then dried in a 
dessicator overnight, stained with DAPI (1 µg mL-1), and inspected under an Olympus BX61 
epifluorescence microscope. CARD-FISH positive cells (hybridized with the specific probe) 
appear in bright green under blue light excitation. Additionally, MAR-FISH positive cells 
contain dark silver grains accumulated above the bacterial cells on the radiographic emulsion, 
resulting from radioactive decay of labeled substrates. 
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Figure 17. DO14Cp uptake in Lake Kivu. Green cells (a) were betaproteobacteria detected with the BET42a 
probe (CARDFISH positive). Green cells surrounded  by black dots (b) were betaproteobacteria that were 
actively taking up DO14Cp (CARDFISH and MAR positive). 
3.4. Results 
3.4.1.Dissolved and particulate primary production, and bacterial uptake of DOCp.  
The kinetics of incorporation of labeled substrate in the POC and DOC pools followed 
two distinct patterns (Fig. 4a, b). In all experiments, the radioactivity increased in the POC 
pool almost linearly with time, while the increase of radioactivity in the DOC pool was 
initially linear but rapidly leveled off at a maximum value after 2-4 h. 
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Figure 18. Example of the kinetics of phytoplankton production of (a) DO14C  and (b) PO14C  during a 5 hours 
incubation in Lake Edward. The fitted curves are derived from the 3‐compartment model presented in Fig. 2. 
Symbols are mean of duplicate measurements and error bars are maximum and minimum values. 
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The measured pPP rates in Lake Kivu ranged from 0.8 to 5.1 mg C m-3 h-1, and the 
dPP rates from 1.1 to 3.9 mg C m-3 h-1 (Table 2). Normalized to Chl a, the total primary 
production (dPP + pPP) in Lake Kivu averaged 2.8 ± 0.8 mg C mg Chl a-1 h-1. PER values 
ranged between 42% and 64% with an average of 53%. Higher rates of pPP and dPP but 
lower PER values were found in lakes Edward, Albert, and Victoria (Table 2). Volumetric 
rates of pPP and dPP were positively correlated with Chl a concentration (Table 3; Fig. 5a, b). 
Furthermore, dPP was positively correlated to pPP and the slopes of the model I and model II 
linear regression were both significantly lower than 1 (Table 3; Fig. 6), implying that PER 
decreased with increasing primary production rates. The turnover time of the DOCp in surface 
waters, calculated as the inverse of the k(2,3) constant rate, ranged between 0.6 h and 3.6 h, 
with an average of 1.8 ± 0.9 h in Lake Kivu. Turnover time of DOCp was in the same range in 
lakes Edward (0.8 h) and Albert (0.6 h) but clearly higher in the eutrophic Lake Victoria (10.9 
h) (Table 2). The size of the DOCp pool, calculated as the dPP rate multiplied by the turnover 
time of DOCp, ranged between 1.7 and 13.2 mg C m-3 (but with a higher value of 102.3 mg C 
m-3 for Lake Victoria), and contributed less than 1% to the DOC pool in lakes Kivu, Edward, 
and Albert, and approximately 5% in Lake Victoria (Table 2). 
 
 
 
 
 
Figure 5. Relationships between log(Chl a) and (a) log(dPP) or (b) log(pPP) in lakes Kivu, Edward, Albert, and 
Victoria. Continuous lines illustrate model I linear regression lines. 
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Figure 6. Relationship between log(pPP) and log(dPP) in lakes Kivu, Edward, Albert, and Victoria. Continuous 
line illustrates model I linear regression line, dashed line is the 1:1 line. 
 
 
 
Table 3. Mixed  layer depth  (Zm; m), mean daylight  irradiance  in the mixed  layer  (Izm; µmol photon m‐2 s‐1) 
particulate  (pPP;  mg  C  m‐3  h‐1)  and  dissolved  primary  production  (dPP;  mg  C  m‐3  h‐1),  percentage  of 
extracellular release (PER; %), concentrations of chlorophyll a (Chl a; mg m‐3), dissolved organic carbon (DOC; 
mg C m‐3), freshly excreted dissolved organic carbon (DOCp; mg C m‐3), and DOCp turnover times (h) in lakes 
Kivu, Edward, Albert, and Victoria. 
 
 
 
 
 
Station Year Zm Izm pPP dPP PER Chl a DOC DOCp 
Turnover 
DOCp 
Southern Bay 2009 20 220 0.8 1.1 57 1.9 1967 1.7 1.5 
Southern Bay 2010 12.5 381 2.8 2.8 50 2.1 1924 3.6 1.3 
Southern Bay 2011 30 186 1.7 3.0 64 2.1 1757 3.9 1.3 
Northern Bay 2009 22.5 249 1.6 2.6 62 1.2 1911 6.4 2.1 
Northern Bay 2010 22.5 243 4.0 3.9 49 2.3 1872 2.3 0.6 
Northern Bay 2011 42.5 76 2.9 2.7 48 2.0 1709 3.6 1.3 
Kabuno Bay 2009 10 162 3.9 3.9 50 2.4 2341 8.3 2.5 
Kabuno Bay 2011 5 265 5.1 3.7 42 2.6 1779 13.2 3.6 
Lake Edward 2012 7.5 145 26.8 6.5 20 9.9 4757 5.5 0.8 
Lake Albert 2012 20 95 27.4 5.9 18 5.4 4383 3.6 0.6 
Lake Victoria 2012 15 108 172.7 9.4 5 5.1 1807 102.3 10.9 
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Table  4.  Summary  of model  I  and model  II  log‐log  linear  regressions  between  particulate  and  dissolved 
primary production (respectively, pPP and dPP) and between pPP and chlorophyll a (Chl a). In brackets, 95% 
confidence interval. 
 
3.4.2.3H-leucine and DO14Cp uptake by different bacterial phylogenetic groups.  
The bacterial community structure and the percentage of active cells taking up 3H-
leucine and DO14Cp, were investigated in 2011 in the Southern Basin of Lake Kivu and in 
Kabuno Bay, where respectively 75% and 83% of total cells counts were hybridized with 
EUB338-II-III probe (EUB, Eubacteria cells) (Fig. 7).  
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Figure 7. Relative abundances of heterotrophic prokaryotes analyzed by CARD‐FISH and scaled to total DAPI 
counts in Lake Kivu, in June 2011. ‘other EUB’ stands for cells identified with the probe mix EUB338‐II‐III but 
not detected with any of the probes used, targeting the large phylogenetic groups of Eubacteria: Alpha, Beta, 
Gammaproteobacteria, and Bacteroidetes.  ‘no  EUB’  stands  for  cells  counted with DAPI but not  identified 
with the probe mix EUB338‐II‐III. 
Members of Alphaproteobacteria, Betaproteobacteria, Gammaproteobacteria, and 
Bacteroidetes jointly comprised 49% and 50% of the total cells count and covered 65% and 
60% of the bacterial domain, in the Southern Basin and Kabuno Bay, respectively. Bacterial 
community structure, at the large group level targeted by CARD-FISH probes, was almost 
   
Model I 
regression 
 
Model II  
regression 
y x n slope intercept R² p slope 
log(pPP) log(Chl a) 11 2.16 (1.05:3.27) -0.21 (-0.77:0.35) 0.68 <0.05 2.10 (1.79:2.41) 
log(dPP) log(Chl a) 11 0.07 (0.01:0.12) 0.37 (0.11:0.56) 0.46 <0.05 0.60 (0.38:0.83) 
log(dPP) log(pPP) 11 0.33 (0.23:0.44) 0.31 (0.23:0.44) 0.85 <0.0001 0.33 (0.25:0.40) 
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similar between the two sites (Fig. 7). After 5 h of incubation in the dark with 3H-leucine, 
21% and 17% of the Eubacteria cells were found to take up 3H-leucine in the Southern Basin 
and Kabuno Bay, respectively. 12% and 11% of the Eubacteria cells were labeled at the end 
of the incubation when considering DO14Cp uptake. In the two stations, we found that less 
than 1% of the EUB338 cells were labeled by DI14C, therefore bacterial DIC fixation via 
chemoautotrophic or anapleurotic pathways seemed to have been insignificant in the surface 
waters of Lake Kivu during these short-term incubations.  
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Figure 8. Relative contribution of each phylogenetic group  to  the Eubacteria  (EUB) community  (CARD‐FISH 
positive) against their relative contribution to the (a) 3H‐leucine or (b) DO14Cp uptake (MAR positive) in Lake 
Kivu,  in  June  2011.  Symbols  are mean  of  duplicate measurements  and  error  bars  are  the maximum  and 
minimum  values.  The  dashed  line  is  the  1:1  line.  α  =  Alphaproteobacteria,  β  =  Betaproteobacteria,  γ  = 
Gammaproteobacteria, CF = Bacteroidetes, other EUB = cells identified with the probe mix EUB338‐II‐III but 
not detected with any of the other probes used. 
By comparing the relative contribution of each bacterial group in substrate uptake with 
their relative abundance (Fig. 8a,b), we can examine whether these broad bacterial groups 
participated in the DO14Cp and 3H-leucine uptake proportionally to their contribution to 
community structure. The 3H-leucine uptake pattern was roughly similar between the two 
stations. In the Southern Basin and Kabuno Bay station, we found that 85% and 75% of all 
the bacteria taking up 3H-leucine belonged to two groups: Betaproteobacteria and 
Alphaproteobacteria. Accounting together for 42% and 41% of the bacterial community 
abundance, the contribution of these two groups to 3H-leucine uptake was clearly higher than 
expected from their relative abundance. By contrast, the Bacteroidetes, the 
Gammaproteobacteria, and the bacterial cells unrelated to any of the bacterial groups 
investigated in this study (other EUB), were underrepresented in 3H-leucine uptake (Fig. 8a). 
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The pattern of DO14Cp uptake was different compared to that of 3H-leucine. All the data 
points were closer to the 1:1 line, indicating that the bacterial groups were participating in 
DO14Cp uptake proportionally to their relative contribution to the bacterial community. For 
instance, Betaproteobacteria and Alphaproteobacteria, the two dominant and overrepresented 
groups in the portion of the assemblage consuming 3H-leucine, were accounting for only 47% 
and 41% of cells taking up DO14Cp in the Southern Basin and Kabuno Bay, respectively. As 
they were contributing to 42% and 41% to the bacterial community structure, they were 
taking part to the DO14Cp consumption proportionally to their in situ abundance. 
3.5. Discussion 
In this study, we gathered a first consistent set of concurrent measurements of pPP and 
dPP rates in tropical African lakes. The methodology to measure dPP differs largely among 
different studies available in the literature, and only a few of them account for the 
heterotrophic uptake of labeled DOCp during the course of the experiment, which can lead to 
an underestimation of PER. A way to overcome this bias is to observe the kinetics of labeling 
in the DOC and POC pools and to fit the data with a compartmental organic C exchange 
model (Morán et al. 2001, 2002). 
It has recently been proposed that high DOC release rates, especially in oligotrophic 
systems, are not sustained by active excretion of healthy phytoplankton, but rather by the lysis 
of dying cells (Agustí and Duarte 2013). During our short-term experiments, a significant 
amount of labeled DOCp was released after only 30 min of incubation, and no lag-phase was 
observed in the appearance of radioactivity in the DOC pool. According to Lancelot (1979), 
such a lag-phase is expected when the specific activity of the intracellular pool of molecules 
that can be exchanged with the external medium does not immediately reach a stable value. 
Therefore, the absence of lag-phase (Fig. 4a) implies that the excreted compounds originate 
from a small intracellular pool which has a relatively high turnover rate (Marañón et al. 
2004). Based on this observation, it appears unlikely that cell lysis or trophic processes such 
as zooplankton grazing had been the main mechanisms of DOCp release, because then a large 
amount of non-recent, presumably unlabeled metabolites would have been part of the 
intracellular pool of molecules fated for release, considerably increasing its size. Instead, it 
seems to be driven by a purely physiological mechanism of phytoplankton excretion of 
freshly produced photosynthates (Marañón et al. 2004). 
Why do phytoplankton cells actively release photosynthates? Previous studies have 
shown that high irradiance (Zlotnik et al. 1989) and nutrient limitation enhance phytoplankton 
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excretion, particularly in P-limited situations (Obernosterer and Herndl 1995; Myklestad 
2000). Under high light conditions, such as in the tropics, photorespiration, the fixation of O2 
on ribulose-1,5-phosphate catalyzed by ribulose-1,5-bisphosphate carboxylase oxygenase 
(RubisCO) with glycolate as byproduct, is an effective protection mechanism against 
photoinhibition. It keeps the consumption of nicotinamide adenine dinucleotide phosphate 
(NADPH) and adenosine triphosphate (ATP) at high levels and lowers the saturation of the 
electron transport chain, preventing the production of reactive oxygen species. An important 
fraction of this glycolate can be actively excreted by phytoplankton cells to the water (Fogg 
1983), where it can be rapidly consumed by heterotrophic prokaryotes (Lau et al. 2007). 
Besides photorespiration, the active release of photosynthate by phytoplankton cells can be 
viewed as a mechanism occuring under nutrient limitation, when the synthesis of molecules 
containing N or P is not possible (Wood et al. 1990; Morán et al. 2002). Because of the 
nutrient limitation, a fraction of the freshly fixed C is a surplus, and therefore excreted. It has 
also been proposed that DOCp release could be a purely passive diffusion process of 
molecules across the membrane due to a concentration gradient, and thus directly proportional 
to phytoplankton biomass (Bjørnsen 1988; Marañón et al. 2004). 
The PER value measured in Lake Kivu (42%-64%) was much higher than the cross-
system average of 13% proposed by Baines and Pace (1991), but within the large range of 
values reported for lakes (3%-82%). PER decreased with increasing pPP, the highest value 
being observed in the oligotrophic Lake Kivu and the lowest in the eutrophic Lake Victoria 
(Fig. 9). The use of a multiple linear regression model combining log-transformed Izm and 
PO43- to predict PER explained a high amount of the variance (adjusted r² = 0.51), and shows 
that both independent variables had a significant effect on PER (PER = -92.13 + 49.99 x 
logIzm – 27.16 x logPO43- ; p = 0.030 for log Izm ; p = 0.036 for log PO43- ; n = 11). No 
significant correlations were found when using univariate linear model (p > 0.05) to predict 
PER. Hence high Izm and low PO43- concentration in the mixed layer had a significant 
combined positive effect on phytoplankton excretion. Overall, these results support the view 
that environmental factors play an important role in the control of PER in large African lakes. 
Furthermore, the relationship between PER and pPP was non-linear, as PER tended to level 
off at a minimum value in the most productive waters. Since the debate around the 
physiological mechanisms driving phytoplankton excretion remains unresolved (Fogg 1983; 
Bjørnsen 1988), we hypothesize that the passive diffusion and the transport-mediated 
mechanisms are not mutually exclusive, but that the dominance of one on the other may  
 67 
 
pPP (mg C m-3 h-1)
0 50 100 150 200
PE
R 
(%
)
0
10
20
30
40
50
60
70
Lake Kivu
Lake Edward
Lake Albert
Lake Victoria
 
 
change. For instance, we would suggest that passive DOCp leakage across the membrane 
would be relatively constant while active loss by a transport mediated mechanism would be 
related to environmental conditions, such as nutrient and light availability. Hence in tropical 
oligotrophic waters, under high light and low nutrient conditions, the transport-mediated 
mechanism could be the main process responsible for extracellular excretion, but its 
dominance over the passive diffusion mechanism would decrease with the productivity. 
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Figure  9.  Relationship  between  the  percentage  of  extracellular  release  (PER)  and  particulate  primary 
production (pPP) in the 4 lakes studied. 
Figure  10.  Relationship  between  log(pPP)  and  log(dPP)  in  several  African  large  tropical  lakes  (solid  line, 
model  I  regression, our dataset) and  several  temperate  lakes  (dotted  line, model  I  regression, data  from 
Fouilland and Mostajir 2010). The tropical lakes regression is described in Table 3 and the temperate lakes 
regression is: log(dPP) = – 0.57 log(pPP) – 0.19 ; R² = 0.71, p < 0.0001 ; n = 73. 
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The mean annual BP in the mixed layer of Lake Kivu was 336 mg C m-2 d-1 (n = 10 
sampling dates in 2008, Llirós et al. 2012). The bacterial respiration (BR) has not been 
directly measured in Lake Kivu, but applying a range of bacterial growth efficiency (BGE) 
value expected in tropical systems (10-20%), the bacterial C demand (BCD, BCD = BP/BGE) 
would range between 1680 and 3360 mg C m-2 d-1. The mean phytoplankton pPP in Lake 
Kivu (620 mg C m-2 d-1, Darchambeau et al. 2014) can clearly not support alone the BCD, but 
the high PER values (42-64%) reported in this study would allow total phytoplankton 
production to meet 32-103% of the BCD in Lake Kivu. This reasoning can be extended to 
Lake Tanganyika, where total primary production would sustain 36-117% of BCD (Table 4). 
The range of BCD estimates that can be sustained by total phytoplankton production is wide 
but it strongly depends on the choice of BGE values. In addition, other processes that were 
not measured during this study such as grazing by zooplankton or cell lysis can significantly 
contribute to the release of autochtonous DOC. 
Table 5. Estimates of bacterial carbon demand (BCD) using a range of bacterial growth efficiencies (BGE), and 
bacterial production  (BP) data obtained  from  the  literature. Estimates of  the  fraction of  the BCD met by 
phytoplankton production (PP = dPP + pPP) using the range of PER measured in Lake Kivu during this study. a 
Llirós et al. 2012; b Sténuite et al. 2009; c Darchambeau et al. 2014; d this study. 
 
 
 
 
 
 
 
 
 
DOCp is a highly complex pool of diverse molecules with unknown exact chemical 
nature. Carbohydrates of various sizes should be predominant in the excreted products 
(Myklestad 2000). It has recently been shown that the nature of the DOCp depends on 
phytoplankton community composition (Sarmento et al. 2013). In the African large lakes 
investigated, the DOCp standing stock was relatively small compared to the high dPP rates 
observed, and the turnover times of the DOCp was therefore short (Table 2).In other words, 
the consumption of DOCp was tightly coupled to its production, and only a small amount of 
DOCp accumulated in the water. This suggests that the DOCp pool was mainly composed of 
labile molecules, preferentially assimilated by heterotrophic prokaryotes over other organic C 
Variable 
Lake 
Kivu 
Lake 
Tanganyika 
BCD (mg C m-2 d-1) 1680 - 3360 1550 - 3100 
BGE (%) 10 - 20 10 - 20 
BP (mg C m-2 d-1) 336a 310b 
pPP (mg C m-2 d-1) 620c 654b 
PER (%) 42 - 64d 
PP/BCD 0.32 -1.03 0.36 – 1.17 
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sources. These observations highlight the importance of a direct transfer of organic matter 
from phytoplankton to bacterioplankton in Lake Kivu.  
The fraction of cells active in the uptake of leucine after 5 h of incubation (average 
19%) was close to the range of value of metabolically active cells reported in literature (20-
40%, del Giorgio and Gasol 2008), but the fraction of active cells in DOCp uptake (average 
11.5%) was low compared to this range. However, these studies used as tracers low molecular 
weight, very labile molecules, but the DOCp pool presumably comprise higher molecular 
weight substrates that require more complex enzymatic pathways, and are therefore harder to 
assimililate in short time incubations. Additionally, the activity of some light-sensitive 
heterotrophic prokaryotes might have been inhibited by the high light irradiance during our 
incubations. Also, the labeled DO14Cp was diluted with non-labeled and equally labile 
compounds, which decreased the sensitivity of the technique at this range of incubation times. 
In contrast to earlier studies using standard labeled molecules such as leucine, ATP or 
glucose (Alonso-Sáez et al. 2007), our MAR-FISH results show that all different phylogenetic 
groups of heterotrophic prokaryotes were involved in the uptake of molecules belonging to 
the uncharacterized pool of DO14Cp. High abundance and activity of members of the 
Betaproteobacteria group is not surprising since their abundance has been found to be 
positively related with the amount of algal derived substrates (Simek et al. 2008, Paver et al. 
2012), and they are usually ubiquitous in fresh waters. The relatively high abundance of 
Alphaproteobacteria and Bacteroidetes members is more difficult to interpret. Members of 
both groups are generally not abundant in fresh waters but seem to be effectively resistant to 
eukaryote predation (Newton et al. 2011), however bacterivory pressure has never been 
estimated in Lake Kivu. Overall, our observations support the idea that the metabolic ability 
to process labile algal-derived DOM is widespread among broad prokaryote groups (Landa et 
al. in press) Furthermore, it is possible that the diversity of molecules excreted by the 
phytoplankton community present in Lake Kivu can support a variety of ecological niches for 
heterotrophic prokaryotes, thereby allowing them to avoid direct resource competition. It was 
indeed recently shown that the composition of the extracellular release of dissolved free 
amino acids by phytoplankton was species-dependent (Sarmento et al. 2013). 
3H-leucine is a widely used tracer for BP measurements (Kirchman et al. 1985). This 
method requires a parallel estimate of the leucine-to-C conversion factor, defined as the yield 
of bacterial biomass per unit of leucine incorporated. Nevertheless, a different ability to take 
up leucine among different phylogenetic groups of prokaryotes has been reported (Pérez et al. 
2010) and community composition could affect leucine-to-C conversion factor estimates 
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(Alonso-Sáez et al. 2010). To our best knowledge, our study is the first to compare the uptake 
pattern of 3H-leucine to the uptake pattern of DO14Cp produced by a natural phytoplankton 
community. In Lake Kivu, members of Alphaproteobacteria, Betaproteobacteria and 
Bacteroidetes were involved in DO14Cp uptake proportionally to their abundance, but differed 
strongly in their ability to take up 3H-leucine. This discrepancy suggests that leucine may not 
be a good representative of other naturally occurring, but more complex organic C sources, 
such as DOCp. 
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Chapter 4. Methanotrophy within the water column of a 
large meromictic tropical lake (Lake Kivu, East Africa) 
Adapted from : Morana, C., Borges, A. V., Roland, F. A. E., Darchambeau, F.,  Descy, J-P., 
& Bouillon, S. (2014). Methanotrophy within the water column of a large meromictic tropical 
lake (Lake Kivu, East Africa). Biogeosciences Discussions, doi:10.5194/bgd-11-15663-2014 
4.1. Abstract 
The permanently stratified Lake Kivu is one of the largest freshwater reservoirs of 
dissolved methane (CH4) on Earth. Yet CH4 emissions from its surface to the atmosphere has 
been estimated to be 2 orders of magnitude lower than the CH4 upward flux to the mixed 
layer, showing that microbial CH4 oxidation is an important process within the water column. 
A combination of natural abundance carbon stable isotope analysis (δ13C) of several inorganic 
and organic carbon pools and 13CH4-labelling experiments was carried out during rainy and 
dry season to quantify (i) the contribution of CH4-derived carbon to the total biomass, (ii) 
methanotrophic bacterial production (MBP), and (iii) methanotrophic bacterial growth 
efficiency (MBGE), defined as the ratio between MBP and gross CH4 oxidation. We also 
measured the concentration and δ13C of specific phospholipid fatty acids (PLFA), used as 
biomarkers for aerobic methanotrophs. Methanotrophic organisms oxidized within the water 
column most of the upward flux of CH4 to the mixed layer and a significant amount of CH4-
derived carbon was incorporated into the microbial biomass in the oxycline. Maximal MBP 
rates were measured in the oxycline, suggesting that CH4 oxidation was mainly driven by oxic 
processes. The MBGE was variable (2-50%) and negatively related to CH4:O2 molar ratios. 
Thus, a smaller fraction of CH4-derived carbon was incorporated into the cellular biomass in 
deeper waters, where oxygen was scarce. The aerobic methanotrophic community was 
dominated by type I methanotrophs and no evidence was found for an active involvement of 
type II methanotrophs in CH4 oxidation in Lake Kivu. Vertically integrated over the water 
column, the MBP was equivalent to 16-58% of the average phytoplankton primary 
production. This relatively high magnitude of MBP, and the substantial contribution of CH4-
derived carbon to the overall biomass at the oxic-anoxic transition, suggest that 
methanotrophic bacteria could potentially sustain a significant fraction of the pelagic food-
web in the deep oligotrophic Lake Kivu. 
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4.2. Introduction 
Although the atmospheric methane (CH4) concentration is low compared to carbon 
dioxide (CO2), CH4 contributes significantly to the anthropogenic radiative forcing (18%) 
because of its 25 times higher global warming potential than CO2 (Forster et al. 2007). CH4 
has several natural and anthropogenic sources and sinks, whereby natural and artificial 
wetlands are recognized as major CH4 sources to the atmosphere (e.g. Kirschke et al. 2013). 
Bastviken et al. (2011) estimated that CH4 emissions to the atmosphere from freshwater 
ecosystems (0.65 Pg C yr-1 as CO2 equivalent) correspond to 25% of the global land carbon 
sink (2.6 ± 1.7 Pg C yr-1, Denman et al. 2007). Tropical regions are responsible for about half 
of the estimated CH4 emissions from freshwater ecosystems to the atmosphere, although they 
have been consistently undersampled (Bastviken et al. 2011). Thus, more information on both 
the magnitude and controlling factors of CH4 emissions from tropical inland waters are 
warranted. CH4 is produced mainly in anoxic sediments by methanogenic archaea following 
two different pathways: acetoclastic methanogenesis (Eq.1), using acetate produced from 
organic matter degradation, or CO2 reduction (Eq. 2).  
CH3COOH → CO2 + CH4      (1) 
CO2 + 4 H2 → CH4 + 2 H2O      (2) 
Although both methanogenic pathways may co-occur, CO2 reduction is dominant in 
marine sediments, while acetate fermentation is the major pathway in freshwater sediments 
(Whiticar et al. 1986). CH4 production rates are typically higher than rates of CH4 emissions 
to the atmosphere, since aerobic and anaerobic microbial CH4 oxidation within lacustrine 
sediments or in water columns are effective processes that limit the amount of CH4 reaching 
the atmosphere, in particular when CH4 transport occurs mainly through diffusive transport, 
rather than through ebullition. A wide variety of electron acceptors can be used during 
microbial CH4 oxidation, including but not limited to oxygen (O2, Rudd et al. 1974) and 
sulphate (SO42-, Boetius et al. 2000). Micro-organisms performing aerobic CH4 oxidation (Eq. 
3) belong to the proteobacteria phylum and anaerobic CH4 oxidation coupled with SO42- 
reduction (Eq. 4) is carried out by a syntrophic consortium of CH4-oxidizing archaea and 
sulphate-reducing bacteria, initially reported in marine sediments (Boetius et al. 2000), 
although up to now this process has not been frequently reported in freshwater ecosystems.  
CH4 + 2 O2 → CO2 + 2 H2O       (3) 
CH4 + SO42- → HCO3- +HS- + H2O      (4) 
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Methanotrophic organisms not only use CH4 as an electron donor but they are also 
able to incorporate a fraction of the CH4-derived C into their biomass, and could therefore 
contribute to fuel the pelagic food web (Bastviken et al. 2003; Jones and Grey 2011; 
Sanseverino et al. 2012). A recent study carried out in small boreal lakes (area < 0.01 km²) 
demonstrated that methanotrophic bacterial production (MBP) contributed to 13-52% of the 
autochtonous primary production in the water column (Kankaala et al. 2013) but in spite of 
the potential importance of this alternative C source in aquatic ecosystems, direct 
measurements of MBP in lakes are still scarce. Also, the methanotrophic bacterial growth 
efficiency (MBGE), defined as the amount of biomass synthesized per unit of CH4 
assimilated, was found to vary widely in aquatic environments (15-80% according to King 
1992 ; 6-77% according to Bastviken et al. 2003), and little is known about the factors driving 
its variability. 
Lake Kivu, located in a volcanic area, is one of the largest freshwater CH4 reservoirs, 
with approximately 60 km³ (at standard temperature and pressure) dissolved in its 
permanently stratified water (Schmid et al. 2005). One third of the CH4 accumulated in its 
deep waters is estimated to be produced via the acetoclastic pathway and two thirds by 
reduction of geogenic CO2 (Schoell et al. 1988). Based on a modelling approach, Schmid et 
al. (2005) estimated that CH4 production recently increased by threefold since the 1970s for a 
still unknown reason. However, the emission of CH4 from surface waters to the atmosphere 
(0.038 mmol m-2 d-1, Borges et al. 2011) is several orders of magnitude lower than the upward 
flux of CH4 to the mixed layer (9.38 mmol m-2 d-1, Pasche et al. 2009), showing that CH4 
oxidation prevents most of CH4 to reach the lake surface waters. 
Due to its inherent characteristics, the meromictic Lake Kivu offers an ideal natural 
laboratory to investigate the role of methanotrophy in large tropical lakes. In this study, we 
used the difference in C stable isotope abundance (δ13C) of different C sources to estimate the 
fraction of CH4 inputs to the mixed layer from deep waters that is microbially oxidized within 
the water column, and to quantify the relative contribution of CH4-derived carbon to the 
particulate biomass. Additionally, phospholipid fatty acids (PLFA) and their δ13C signatures 
were analyzed to characterize the populations of methanotrophic bacteria present in the water 
column. PLFA are abundant in membranes of prokaryotes and eukaryotes, and some of them 
can be used as specific biomarkers for diverse organisms (see Boschker & Middelburg 2002). 
One of the main advantage of using PLFA as biomarkers is that they are usually degraded 
within a few days after cell death, and hence are associated to living organisms (Boschker & 
Middelburg 2002). During this study, we also carried out 13CH4-labelling experiments to trace 
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the incorporation of CH4-derived C into the biomass (to quantify methanotrophic bacterial 
production) and its conversion to CO2 (to quantify methanotrophic bacterial growth 
efficiency). Finally, stable isotope probing (SIP) of specific PLFA (SIP-PLFA) after 13C-CH4 
labelling allowed to characterize the bacterial populations active in methanotrophy.  
4.3. Material and methods  
4.3.1. Study site description and sampling 
Lake Kivu (East Africa) is a large (2370 km²) and deep (maximum depth of 485 m) 
meromictic lake. Its vertical structure consists of an oxic and nutrient-poor mixed layer 
(seasonally variable depth, up to 70 m), and a permanently anoxic monimolimnion rich in 
dissolved gases (CH4, CO2) and inorganic nutrients (Damas, 1937; Degens et al., 1973; 
Schmid et al., 2005). Seasonal variations of the vertical position of the oxic-anoxic transition 
are driven by contrasting hygrometry and long wanve radiation between rainy (October-May) 
and dry (June-September) seasons (Thiery et al. 2014), the latter being characterized by a 
deepening of the oxic zone, and an increased input of dissolved gases and inorganic nutrients 
into the mixed layer (Sarmento et al. 2006, Borges et al. 2011). Sampling was carried out in 
the Northern Basin (1.72°S, 29.23°E) in February 2012 (rainy season), and in the Northern 
Basin and Southern Basin (2.34°S, 28.98°E) in September 2012 (dry season).  
O2 concentration was measured with a YSI-proODO probe with a optical O2 sensor 
(detection limit is 3 µmol L-1), calibrated using air saturated water. Low-oxygen water 
hereafter stands for waters with concentration < 3 µmol L-1. Lake water was collected with a 7 
L Niskin bottle (Hydro-Bios) at a depth interval of 5 m from the lake surface to the top of the 
monimolimnion, at 80 m. 
4.3.2. Chemical analyses 
Samples for CH4 concentrations were collected in 50 ml glass serum bottles from the 
Niskin bottle with a tube, left to overflow, poisoned with 100 µl of saturated HgCl2 and sealed 
with butyl stoppers and aluminium caps. Concentrations of CH4 were measured by headspace 
technique (Weiss 1981) using gas chromatography with flame ionization detection (GC-FID, 
SRI 8610C), after creating a 20 ml headspace with N2 in the glass serum bottles, and then 
analyzed following the method described by Borges et al. (2011). Samples for the 
determination of the δ13C signature of CH4 (δ13C-CH4) were collected in 250 ml glass serum 
bottles similarly to CH4 concentration samples. δ13C-CH4 was determined by a custom 
developed technique, whereby a helium headspace was first created, and CH4 was flushed out 
through a double-hole needle, CO2 was removed with a CO2 trap (soda lime), and the CH4 
 79 
 
was converted to CO2 in an online combustion column similar to that in an Elemental 
Analyzer (EA). The resulting CO2 was subsequently preconcentrated by immersion of a 
stainless steel loop in liquid nitrogen in a custom-built cryofocussing device, passed through a 
micropacked GC column (HayeSep Q 2m, 0.75mm ID ; Restek), and finally measured on a 
Thermo DeltaV Advantage isotope ratio mass spectrometer (IRMS). Certified reference 
standards (IAEA-CO1 and LSVEC) were used to calibrate δ13C-CH4 data. 
Samples for the determination of δ13C signatures of dissolved inorganic carbon (DIC) 
were collected by gently overfilling 12 ml glass vial (Labco Exetainer), preserved with 20 µL 
of HgCl2 saturated. For the analysis of δ13C-DIC, a 2 ml helium headspace was created and 
100 µL of H3PO4 (99 %) was added into each vial to convert all DIC species into CO2. After 
overnight equilibration, a variable volume of the headspace was injected into an EA coupled 
to an isotope ratio mass spectrometer (EA-IRMS; Thermo FlashHT with Thermo DeltaV 
Advantage). Calibration of δ13C-DIC measurements was performed with certified reference 
materials (LSVEC and either NBS-19 or IAEA-CO-1). 
Samples for particulate organic carbon (POC) concentrations and its stable C isotope 
signature (δ13C-POC) were filtered on pre-combusted (overnight at 450°C) 25 mm glass fiber 
filters (Advantec GF-75 ; 0.3 µm), and dried. These filters were later decarbonated with HCl 
fumes for 4 h, dried and packed in silver cups. POC and δ13C-POC were determined on an 
EA-IRMS (Thermo FlashHT with Thermo DeltaV Advantage). Calibration of POC and δ13C-
POC was performed with IAEA-C6 and acetanilide, and reproducibility of δ13C-POC 
measurements was typically better than 0.2 ‰. 
Samples (~ 2L) for phospholipid fatty acid concentrations (PLFA) and their δ13C 
values were filtered on pre-combusted 47 mm glass fiber filters (Advantec GF-75 ; 0.3 µm), 
and kept frozen until further processing. Extraction and derivatization of PLFA was 
performed following a modified Bligh and Dyer extraction, silica column partitioning, and 
mild alkaline transmethylation as described by Boschker et al. (2004). Analyses were made on 
a Isolink GC-c-IRMS coupled to a Thermo DeltaV Advantage. All samples were analyzed in 
splitless mode, using an apolar GC column (Agilent DB-5) with a flow rate of 2 ml min-1 of 
helium as carrier gas. Initial oven temperature was set at 60°C for 1 min, then increased to 
130°C at 40°C m-1, and subsequently reached 250°C at a rate of 3°C min-1. δ13C-PLFA were 
corrected for the addition of the methyl group by a simple mass balance calculation, and were 
calibrated using internal (C19:0) and external (mixture of C14:0, C16:0, C18:0, C20:0, C22:0) 
fatty acid methyl ester (FAME) standards. Reproducibility was estimated to be ±0.6 ‰ or 
better for natural abundance samples. 
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4.3.3. Determination of the isotope fractionation factor 
In September 2012, the isotope fractionation factor (ε) was estimated by monitoring 
the changes in CH4 concentration and δ13C-CH4 over time in microcosms, at several depths 
across the oxycline. Six glass serum bottles (60 ml) were gently overfilled at each depth and 
tightly capped with a butyl rubber stopper and an aluminium cap. They were then incubated in 
the dark at the lake temperature during 0, 24, 48, 72, 96 or 120 h. The incubation was stopped 
by poisoning the bottles with 100 µl of saturated HgCl2. The measurement of the 
concentration of CH4 and the δ13C-CH4 in every bottle was performed as described before. 
The isotope fractionation factor was calculated according to Coleman et al. (1981).  
4.3.4. Methanotrophic bacterial production and growth efficiency measurement. 
At several depths throughout the water column, the methanotrophic bacterial 
production and growth efficiency were estimated by quantifying the incorporation of 13C-
labelled CH4 (13C-CH4, 99.9%, Eurisotop) into the POC and DIC pool. Water from each 
sampling depth was transferred with a tube into 12 serum bottles (60 ml), capped with butyl 
stoppers and sealed with aluminium caps. Thereafter, 4 different volumes (50 µl, 100 µl, 150 
µl, or 200 µl) of a 13C-CH4 gas mixture (1:10 in He) were injected in triplicate and 100 µl of 
saturated HgCl2 was immediately added to one bottle per gas concentration treatment, serving 
as control bottle without biological activity. After vigorous shaking, the bottles were 
incubated in the dark during 24 h at the lake temperature. The incubation was stopped by 
filtration of a 40 ml subsample on 25 mm glass fiber filters (Advantec GF-75, 0.3 µm) to 
measure the 13C-POC enrichment, and a 12 ml Exetainer was filled with the addition of HgCl2 
in order to measure the 13C-DIC enrichment. The exact amount of 13C-CH4 added in the 
bottles was determined from the control bottles. The measurements of the concentration of 
POC, the δ13C-POC, the δ13C-DIC and the δ13C-CH4 were performed as described above. 
Methanotrophic bacterial production (MBP, µmol L-1 d-1) rates were calculated according to 
Hama et al. (1983) : 
MBP = POCf * (%13C-POCf - %13C-POCi)/(t * (%13C-CH4 - %13C-POCi))  (5) 
where POCf is the concentration of POC at the end of incubation (µmol L-1), %13C-POCf and 
%13C-POCi are the final and initial percentage of 13C in the POC, t is the incubation time (d-1) 
and %13C-CH4 is the percentage of 13C in CH4 after the inoculation of the bottles with the 
tracer. The methanotrophic bacterial respiration rates (MBR, µmol L-1 d-1) were calculated 
according to : 
MBR = DICf * (%13C-DICf - %13C-DICi)/(t * (%13C-CH4 - %13C-DICi))   (6) 
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where DICf is the concentration of DIC after the incubation (µmol L-1), %13C-DICf and %13C-
DICi are the final and initial percentage of 13C in DIC. Finally, the methanotrophic bacterial 
growth efficiency (MBGE, %) was calculated according to : 
MBGE = MBP/(MBP+MBR) * 100        (7) 
The CH4 concentration in the bottles sometimes increased drastically because of the 
13C-CH4 addition, which could have induced a bias in the estimation of MBP and MBR in 
case of CH4-limitation of the methanotrophic bacteria community. However, performing 
incubation along a gradient of CH4 concentrations allowed us to assess if the measured MBP 
and MBR were positively related to the amount of tracer inoculated in the bottles. In case of 
such an effect (only at 50 m in the Northern Basin in February 2012 and at 60 m in the 
Southern Basin in September 2012) we applied a linear regression model (r² > 0.90) to 
estimate the intercept with the y-axis, which was assumed to correspond to the MBP or MBR 
rates at in-situ CH4 concentration. 
4.3.5. Stable isotope probing of PLFA (SIP-PLFA) with 13C-CH4. 
At each sampling depth and in parallel with the MBP measurement, 4 serum bottles 
(250 mL) were filled with water, overflowed and sealed with butyl stopper and aluminium 
caps. Bottles were spiked with 500 µL of 13C-CH4 (99.9%). After 24 h of incubation in the 
dark at lake temperature, the water from the 4 bottles was combined and filtered on a single 
pre-combusted 47 mm glass fiber filter (Advantec GF-75, 0.3µm) to quantify the 
incorporation of the tracer in bacterial PLFA. The filters were kept frozen until further 
processing. The extraction, derivatisation and analysis by GC-c-IRMS were carried out as 
described above. 
4.4. Results 
4.4.1. Variability of physico-chemical variables in the water column 
In September 2012, the water column in the Southern Basin was oxic (> 3 µmol L-1) 
from the surface to 65 m (Fig. 1a). CH4 was abundant in deep waters of Lake Kivu, with a 
maximum concentration of 899 µmol L-1 at 80 m, however, CH4 concentrations decreased 
abruptly in the oxycline (50-65 m), being 4 orders of magnitude lower in surface waters (Fig. 
1a). Consistent with its biogenic origin, the upcoming CH4 was depleted in 13C (δ13C-CH4 : -
55.0 ‰) in deep waters but became sharply enriched in 13C at the oxic-anoxic transition, 
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Figure  19. Vertical  profiles of  dissolved  oxygen  concentration  (O2, µmol  L‐1) methane  concentration  (CH4, 
µmol L‐1), δ13C‐CH4 (‰) and δ13C‐POC (‰) in Lake Kivu,  in the Southern Basin (a) and Northern Basin (b)  in 
September 2012 (dry season), and in the Northern Basin (c) in February 2012 (rainy season). Methanotrophic 
bacterial production rates (MBP, µmol L‐1 d‐1) in the Southern Basin (d) and Northern Basin (e) in September 
2012 and in the Northern Basin in February 2012 (f). The grey zone corresponds to waters with dissolved O2 
concentration < 3 µmol L‐1. 
where CH4 concentrations decreased, to reach a maximal value of -39.0 ‰ at 62.5m depth 
(Fig. 1a). The δ13C-POC values mirrored the pattern of δ13C-CH4: they were almost constant 
from the surface to 55 m (-24.4 ± 0.3 ‰), then showed an abrupt excursion towards more 
negative values at the bottom of the oxycline, with a minimum value (-42.8 ‰) at 65 m depth 
(Fig. 1a). Similar results were found in the Northern Basin, where the water was oxic (> 3 
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µmol L-1) down to 55m (Fig. 1b). At the oxic-anoxic transition, an abrupt isotopic enrichment 
of the CH4 was observed and the δ13C-POC was relatively depleted in 13C, similarly as in the 
Southern Basin (Fig. 1b). 
In February 2012 in the Northern Basin, the water was oxic until 45 m depth (> 3 
µmol L-1) but the O2 concentrations were below the limit of detection deeper in the water 
column (Fig. 1c). The gradual decrease in the CH4 concentration between 60 m and 45 m 
(from 110 µmol L-1 to 1 µmol L-1) was accompanied by a parallel increase of the δ13C-CH4 
signature in the same depth interval (from -55.9‰ to -41.7‰), the residual CH4 becoming 
isotopically enriched as CH4 concentration decreased (Fig. 1c). δ13C-POC values were 
slightly lower below the oxic zone, with a minimum at 50 m (-26.9‰) (Fig. 1c). 
4.4.2. Phopholipid fatty acid concentration and stable isotopic composition 
Fig. 2 shows profiles of the relative concentration and the δ13C signature of specific PLFA in 
September 2012 (Fig. 2a, 2b ; Southern basin) and February 2012 (Fig. 2c, 2d ; Northern 
Basin). Irrespective of station, season and depth, the C16:0 saturated PLFA was always the 
most abundant PLFA (18-35% of all PLFA). The relative abundance of the C16 
monounsaturated fatty acids (C16 MUFA) significantly increased at the bottom of the 
oxycline in February and September 2012. The δ13C signature of the C16 MUFA was 
comparable to the δ13C signature of the C16:0 in oxic waters, oscillating around -27‰ or -
29‰ in February and September 2012, respectively. However, C16 MUFA were largely 
depleted in 13C in the oxycline, with minimal δ13C values as low as -55.3‰ at the oxic-anoxic 
transition in September 2012, and -49.5‰ in February 2012. This very strong depletion in 
δ13C was only observed for this particular type of PLFA (C16 MUFA). The C18 MUFA were 
relatively more abundant in oxic waters (on average 9%) than in deeper waters (1-4%). Their 
isotopic composition varied with depth following the same vertical pattern than C16 MUFA, 
but with a lower amplitude. C18 MUFA minima in δ13C were observed in low-oxygen waters 
in February 2012 (55m, -35.1‰) and September 2012 (70m, -30.5‰). The relative abundance 
of iso- and anteiso-branched C15:0 PLFA was systematically low (1-5%) and did not follow 
any depth pattern Their isotopic signature was however slightly lower in oxygen-depleted 
waters than in oxic waters.  
4.4.3 Isotope fractionation factor determination    
During the isotope fractionation factor experiment, a significant decrease of CH4 
concentration over time and a parallel enrichment of the residual CH4 (Fig. 3) were monitored 
in every bottle incubated under oxic conditions. However, no consumption of CH4 was 
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measured in low-oxygen conditions. The isotope fractionation factor measured at several 
depths across the oxycline ranged between 1.008 and 1.024, and averaged 1.016 ± 0.007 (n = 
5).  
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Figure  20.  Vertical  profiles  of  the  relative  abundance  of  phospholipid  fatty  acids  (PLFA,  %)  and  their 
respective  carbon  isotopic  signature  (δ13C‐PLFA, ‰)  in  (a,  b)  the  Southern Basin  in  September  2012  (dry 
season)  and  (c,  d)  in  the  Northern  Basin  in  February  2012.  The  grey  zone  corresponds  to  waters  with 
dissolved O2 concentration < 3 µmol L‐1. 
4.4.4. Methanotrophic bacterial production  
MBP rates within the oxycline were variable (from 0 to 7.0 µmol C L-1 d-1). Maximum 
values were always observed at the oxic-anoxic transition (Fig. 1d, 1e, 1f), however 
substantial MBP (up to 2.2 µmol L-1 d-1) were also recorded under low-oxygen conditions (< 
3 µmol L-1) in February 2012 (rainy season) (Fig. 1f). MBP rates vertically integrated over the 
water column were estimated at 28.6 mmol m-2 d-1 and 8.2 mmol m-2 d-1 in September 2012 in 
the Southern and Northern Basin, respectively, and 12.2 mmol m-2 d-1 in February 2012 in the 
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Figure 21. Example of relationship between the δ13C‐CH4 and the fraction of methane (CH4) remaining in the 
bottles during the  incubation to determine the  isotope fractionation factor during  in the Southern Basin  in 
September 2012 (62.5 m). 
Northern Basin. MBGE was found to be highly variable in the water column ranging between 
50% at 52.5m in the Northern Basin (September 2012) and 2% at 67.5 m in the Southern 
Basin (September 2012). Computed from depth-integrated MBP and MBR rates, the water 
column mean MBGE were 23% in September 2012 in the Southern and Northern Basins, and 
42% in February 2012 in the Northern Basin. Specific CH4-derived C incorporation rates in 
PLFA (d-1 ; incorporation rates normalized on PLFA concentration) show that bacteria 
containing C16 MUFA and C14:0 were particularly active in CH4-derived C fixation in the 
oxycline in February (rainy season) and September (dry season) 2012 (Fig. 4a, 4b). In 
contrast, the specific incorporation pattern was dominated by C17 MUFA, and to a lesser 
extent 10Me16:0 and C16 MUFA in low-oxygen waters in February 2012 (rainy season) (Fig. 
4b). 
4.5. Discussion 
The sharp decrease of CH4 concentration and the isotopic enrichment of the residual CH4 in 
the oxycline, mirrored by the isotopic depletion of the POC pool at these depths indicated that 
microbial CH4 oxidation is a strong CH4 sink within the water column of Lake Kivu. Similar 
patterns characterized by a strong isotopic depletion of the POC pool in the oxycline were  
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Figure  22.  Specific  CH4‐derived  carbon  incorporation  pattern  into  phospholipid  fatty  acids  (PLFA, 
incorporation  rates  normalized  on  PLFA  concentration,  d‐1)  in  (a)  September  2012  (dry  season)  in  the 
Southern Basin and (b) in February 2012 (rainy season) in the Northern Basin. 
reported in other systems, such as the meromictic Northern Basin of Lake Lugano (Lehmann 
et al. 2004, Blees et al. 2014). 
The fraction of the upward CH4 flux oxidized within a depth interval can be estimated 
from a model of isotope fractionation for open systems at steady-state described by the 
following Rayleigh equation (Bastviken et al. 2002):  
f = (δ13CH4b- δ13CH4t)/((δ13CH4t +1000)*((1/α)-1))     (8) 
where f is the fraction of CH4 oxidized within the depth interval, δ13CH4b and δ13CH4t are the 
δ13C values of CH4 at the bottom and the top of the depth interval, respectively, and α is the 
isotope fractionation factor for CH4 oxidation estimated in Lake Kivu in September 2012 (α = 
1.016 ± 0.007). Based on this equation and using a range of isotope fractionation factors 
(from 1.009 to 1.023), we can estimate that 57-105% of the upward flux of CH4 was 
microbially oxidized within a 10 m depth interval in the oxycline (60-70 m) in the Southern 
Basin during the dry season (September 2012). Similarly, 67-142% of the CH4 flux was 
oxidized between 50 m and 55 m in the Northern Basin during the dry season, and 55-93% of 
the CH4 flux was oxidized within a wider depth interval (45-70 m) during the rainy season 
(February 2012). The relatively wide range of the estimated percentage of CH4 flux oxidized 
is due to the uncertainty on the isotope fractionation factor. Nevertheless, these calculations 
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illustrate clearly the importance of microbial CH4 oxidation processes in preventing CH4 to 
reach the surface waters of the lake. 
The δ13C signature of methanotrophs can be estimated at each depth from δ13C-CH4 
values and the experimental isotope fractionation factor (α, ranged between 1.008-1024). 
Then, applying a simple isotope mixing model with the δ13C signature of methanotrophs as an 
end-member and the the δ13C-POC in surface as a sedimenting organic matter end-member, it 
is possible to estimate the contribution of CH4-derived C to the POC pool. Indeed, the 
contribution of CH4-derived C appeared to be substantial at the bottom of the mixolimnion. In 
September 2012 in the Southern Basin, 32% - 44% of the depth-integrated POC pool in the 
oxycline (between 60 m and 70 m) originated from CH4 incorporation, with a local maximum 
at the oxic-anoxic transition (65 m, 44-54%). In the Northern Basin, 13-16 % of the POC in 
the oxycline (between50 m and 60 m) derived from CH4. However, the contribution of CH4 to 
the POC pool was relatively lower during the rainy season, as only 4-6% of the POC in the 
50-70 m depth interval had been fixed by methanotrophic organisms in the Northern Basin in 
February 2012 (local maximum at 50 m, 8-10%). 
13CH4 tracer experiments allowed to estimate the net MBP and the MBGE. Whatever 
the season, the highest MBP (0.8-7.2 µmol C L-1 d-1) rates were found in the oxycline. Hence, 
CH4 oxidation in Lake Kivu seems to be mainly driven by oxic processes. Furthermore, 
maximal MBP rates in the oxycline were observed where the in situ CH4:O2 ratio ranged 
between 0.1 and 10 (molar units, Fig. 5), encompassing the stoichiometric CH4:O2 ratio for 
aerobic microbial CH4 oxidation (0.5) and the optimal ratio estimated in culture experiment 
(0.9, Amaral & Knowles 1995). This relationship highlights the importance of the regulation 
of aerobic methanotrophic production by both CH4 and O2 availability. Vertically integrated 
over the water column, the MBP was estimated at 12.2 mmol m-2 d-1 during rainy season in 
the Northern Basin, and 28.6 mmol m-2 d-1 and 8.2 mmol m-2 d-1 during dry season in the 
Southern Basin and the Northern Basin, respectively. These rates are comparable to the gross 
CH4 oxidation rate reported earlier by Jannasch (1975) in Lake Kivu (7.2 mmol m-2 d-1) and 
the upward CH4 flux recently estimated (9.38 mmol m-2 d-1) by Pasche et al (2009).  
Areal MBP in Lake Kivu are equivalent to 16-58% of the mean annual phytoplankton 
primary production (49 mmol m-2 d-1, Darchambeau et al. 2014), suggesting that biomass 
production by methanotrophs has the potential to sustain a significant fraction of the pelagic 
food-web. For example, it has been shown that cyclopoid copepods (mesozooplankton) of 
Lake Kivu  
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Figure 23. Relationship between the methanotrophic bacterial production (MBP, µmol C L‐1 d‐1) and the CH4: 
O2 molar  ratio,  in  Lake Kivu. The  ratio was  calculated with an O2  concentration value of 3 µmol  L‐1 when 
observed in situ values were below the detection limit of the probe (3 µmol L‐1). 
escape visual predators by migrating below the euphotic zone, in low-oxygen waters 
(Isumbisho et al. 2006), where they might feed on CH4-derived C sources. However, δ13C 
zooplankton in the mixolimnion (water column integrated) did not appear to be significantly 
depleted (see Chapter 2), perhaps because of the fact that there is several trophic level 
between bacteria and copepods, resulting in a low transfer efficiency of the CH4-derived 
carbon. 
The relative contribution of MBP to the autochtonous production in Lake Kivu was 
distinctly higher than those reported in 3 Swedish lakes during summer, where MBP was 
equivalent to 0.3 and 7.0% of the phytoplankton production (Bastviken et al. 2003). This was 
unrelated to the phytoplankton production rates in the Swedish lakes that ranged between 7 
and 83 mmol m-2 d-1 and encompassed the average phytoplankton production value in Lake 
Kivu (49 mmol m-2 d-1). The MBP rates in the Swedish lakes (based on 14C incubations) were, 
however, distinctly lower than in Lake Kivu ranging between 0.3 and 1.8 mmol m-2 d-1. This 
difference is probably related to the high CH4 concentrations at the oxic-anoxic transition 
zone in Lake Kivu, as MBP peaked in the Swedish lakes at CH4 concentrations < 100 µmol L-
1, while MBP peaked in Lake Kivu at CH4 concentrations one to two orders of magnitude 
higher. Kankaala et al. (2013) reported seasonally resolved (for the ice-free period) MBP in 
five small (0.004 to 13.4 km2) boreal humic lakes (with dissolved organic C concentrations 
ranging between 7 and 24 mgC L-1) in southern Finland. In these lakes phytoplankton 
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production and MBP were highly variable, ranging between 5 and 50 mmol m-2 d-1 and <0.2 
mmol C m-2 d-1 and 41 mmol m-2 d-1, respectively. MBP was significantly higher in the two 
smallest lakes (0.004-0.008 km2), characterized by high CH4 concentrations (< 750 µmol L-1) 
and permanent anoxia  
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Figure  24.  Relation  between  the methanotrophic  bacterial  growth  efficiency  (MBGE, %)  and  the  CH4: O2 
molar  ratio,  in  Lake  Kivu.  The  ratio was  calculated with  an  O2  concentration  value  of  3  µmol  L‐1 when 
observed in situ values were below the detection limit of the probe (3 µmol L‐1) 
throughout the year in bottom waters. Considering a MBGE of 25%, their MBP estimates 
corresponded to a highly variable percentage of phytoplankton production, between 35% and 
100% in the two smallest lakes, and between 0.4% and 5.0% in the three larger lakes (0.04 to 
13.4 km2), and therefore they proposed that the relative contribution of methanotrophic 
bacteria to the total autotrophic production in a lake is related to its size (Kankaala et al. 
2013). However, the results reported for the large (2370 km²) Lake Kivu do not fit with this 
general pattern, probably because of the permanent and strong stratification of its water 
column that on one hand promotes a long residence time of deep waters and the accumulation 
of CH4, and on the other hand leads to very slow upward diffusion of solutes, promoting the 
removal of CH4 by bacterial oxidation as it diffuses to the surface. 
The MBGE found during this study was variable (2-50%), but within the range of 
reported values in fresh waters (15-80%, King 1992; 6-72 %, Bastviken et al. 2003). MBGE 
was negatively related to the CH4:O2 ratio (Figure 6), i.e., a smaller fraction of the oxidized 
CH4 was incorporated into the biomass under lower O2 conditions. It has been recently 
suggested that under O2-limiting conditions, methanotrophic bacteria are able to generate 
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energy (adenosine triphosphate) by fermentation of formaldehyde (Kalyuzhnaya et al. 2013), 
the key intermediate in the oxidation of CH4. This CH4-based fermentation pathway would 
lead to the production of excreted organic acids (lactate, formate, ...) from CH4-derived C 
instead of converting CH4 into cellular biomass. If the metabolic abilities for this process are 
ubiquitous in methanotrophic organisms, it may potentially occur within the water column of 
Lake Kivu, at the bottom of the oxycline or in micro-oxic zone, as suggested by the low 
MBGE values found at high CH4:O2 molar ratio.  
Almost all known aerobic methanotrophic bacteria are phylogenetically affiliated to 
proteobacteria, belonging either to the alphaproteobacteria (also referred to type I 
methanotrophs) or gammaproteobacteria (type II methanotrophs) classes (Hanson & Hanson 
1996). The two distinct groups differ in some important physiological characteristics; notably, 
they use different C fixation pathway (ribulose monophosphate for type I; the serine pathway 
for type II) and possess different patterns of PLFA. MUFA C16 are especially abundant in the 
type I methanotrophs while the type II methanotrophs contain mainly MUFA C18 (Le 
Bodelier et al. 2009). Therefore, the larger amount of 13C-depleted C16 MUFA found in the 
oxycline and the strong labelling of C16 MUFA during the incubation with 13C-CH4 indicate 
that the aerobic methanotrophic community was dominated by type I methanotrophs in the 
water column. In contrast, Type II methanotrophs did not appear to contribute much to the 
CH4 oxidation in Lake Kivu, in good agreement with the results of Pasche et al. (2011).  
The dominance of type I over type II methanotrophs has been frequently reported in 
various freshwater (Sundh et al. 2005, Blees et al. 2014) or stratified marine environments 
(Schubert et al. 2006, Schmale et al. 2012), but this recurrent observation is still difficult to 
explain. In a recent review, Ho et al. (2013) attempted to classify several genus of 
methanotrophs according to their life strategies, using the competitor/stress tolerator/ruderal 
functional classification framework (Grime 1977). Since type I methanotrophs dominate the 
active community in many environments and are known to respond rapidly to substrate 
availability, they classified them as competitors, or competitors-ruderals. In contrast, they 
proposed that type II members would be able to persist in the environment in a reversible state 
of reduced metabolic activity under non-favourable conditions, and thus classified them as 
stress tolerator, or stress tolerator-ruderal. Relatively large availability of CH4 and O2 (Figures 
1 and 5) at the oxic-anoxic transition of Lake Kivu is a favourable environment for the 
competitor-ruderal bacterial communities that could explain the dominance of type I 
methanotrophs over type II methanotrophs in this lake. 
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Also, a significant MBP rate (1.3 µmol L-1 d-1) was measured under low-oxygen 
conditions (< 3 µmol L-1) at 60 m during the rainy season (February 2012). Moreover, the 
PLFA labelling pattern was drastically different, with a more important specific 13C 
incorporation into 10Me16:0 and C17 MUFA instead of the C16 MUFA, relative to their 
concentrations. This different labelling pattern suggests that a different population of 
methanotrophs was active in CH4 oxidation deeper in the water column. Archaea lack ester-
linked fatty acids in their membrane and are therefore undetectable in PLFA analysis. 
However 10Me16:0 and C17 MUFA are known to be especially abundant in sulphate-
reducing bacteria (Macalady et al. 2000), the syntrophic partner of anaerobic CH4 oxidizing 
archaea (Boetius et al. 2000). Hence, the specific labelling of 10Me16:0 and C17 MUFA 
under low-oxygen conditions could indicates that a fraction of the upward flux of CH4 was 
oxidized syntrophically with SO42- reduction during the rainy season, and might support the 
hypothesis that SO42--reducing bacteria grow on CH4-derived carbon source supplied by 
anaerobic methane oxidizers within the archaea/ SO42--reducers consortium, as already 
suggested by the results of an in vitro labelling (13CH4) study (Blumenberg et al. 2005). 
4.6. Conclusions 
Lake Kivu ranks globally among the lakes with the lowest CH4 emissions to the 
atmosphere (Borges et al. 2011), although the deep layers of the lake contain a huge amount 
of dissolved CH4. This apparent paradox is linked to its strong meromictic nature that on one 
hand promotes a long residence time of deep waters and the accumulation of CH4, and on the 
other hand leads to very slow upward diffusion of solutes, promoting the removal of CH4 by 
bacterial oxidation as it diffuses to the surface. Our knowledge on bacterial CH4 oxidation in 
Lake Kivu has been so far based on circumstantial evidence such as mass balance 
considerations (Borges et al. 2011; Pasche et al. 2011) and a few incubations carried out 
almost 40 years ago (Jannasch 1975). Here, we provide conclusive evidence on the 
occurrence of CH4 oxidation in the oxycline of Lake Kivu using stable isotopic 
characterisation of a suite of carbon pools (CH4, POC, PLFA) as well as rate measurements 
(MBP). Vertically integrated MBP ranged between 8 and 29 mmol m-2 d-1, and was higher 
than previously reported in other lakes (Bastvinken et al. 2003, Kankaala et al. 2013). MBP 
was equivalent to 16-58% of the average annual phytoplankton primary production, a fraction 
distinctly higher than previously reported in other lakes, usually < 10% (Bastvinken et al. 
2003, Kankaala et al. 2006). Hence, methanotrophic bacteria could potentially sustain a 
significant fraction of the pelagic food-web in this oligotrophic CH4-rich lake. 
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Chapter 5. Chemoautotrophy and anoxygenic 
photosynthesis within the water column of Lake Kivu 
Adapted from : Morana, C., Darchambeau, F., Roland, F. A. E., Crowe, S., Llirós, M., Descy, 
J-P., Borges, A. V., & Bouillon, S. (in preparation).  
5.1. Abstract 
Permanently stratified water bodies are characterized by a redox gradient (redoxcline) in their 
water column, with oxygenated upper waters rich in electron acceptors and anoxic bottom 
waters where inorganic electron donors are abundant. Pelagic redoxclines usually represent 
area of intense biogeochemical activities, hence, the aims of this study were to quantified 
chemoautotrophic and anoxygenic photosynthetic bacterial production in the water column of 
Lake Kivu, a permanently stratified tropical lake located in a volcanic area. We also aimed at 
identifying the organisms involved in these processes by mean of analysis of their 
phospholipid fatty acid (PLFA) contents. Stable isotope (13C) labeling experiments were 
performed to attempt to directly link the CO2 fixation with the identity of the micro-organisms 
involved. The results of this study provide evidences for the existence of a biogeochemically 
active chemoautotrophic bacterial community in the redoxcline of Lake Kivu. PLFA data 
indicate that the bacterial community is structured vertically in the water column, with a large 
dissimilarity between the oxic and oxygen-depleted waters. Maximal volumetric dark CO2 
fixation rates measured in Lake Kivu were in the same range than the values reported from 
H2S-rich marine redoxcline, such as the Black Sea, the Baltic Sea, and the Cariaco Basin; and 
as in these systems, the maximal chemoautotrophic activities were observed in sulfidic 
waters, well below the oxycline. However, significant anoxygenic photosynthetic production 
rates were never measured in the main basin of Lake Kivu. But in the Kabuno Bay, a 
shallower ferruginous sub-basin, anoxygenic phototrophic bacteria affiliated to the genus 
Chlorobium largely dominated CO2 fixation in the redoxcline. Overall, this study supports the 
idea that chemoautotrophs and/or anoxygenic photoautotrophs might play a important role in 
the functioning of a permanently stratified tropical ecosystem. In Lake Kivu, they contribute 
significantly to the autochtonous primary production but exert also an indirect control on 
oxygenic photoautotrophs by limiting the vertical nutrient flux to the illuminated surface 
waters.   
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5.2. Introduction 
The synthesis of organic matter from carbon dioxide (CO2) in aquatic environments, 
or autochtonous primary production, forms the base of the food web in many systems, 
constraining its overall productivity. Currently, CO2 fixation in aquatic systems is to a large 
extend carried out by algae and cyanobacteria, through oxygenic photosynthesis. However, 
other photoautotrophic micro-organisms have the ability to incorporate CO2 into their biomass 
under anoxic conditions, using hydrogen sulfide (H2S) or reduced iron (Fe2+) as an electron 
donor in photosynthesis. These bacteria are particularly well adapted to low-light levels and 
have been found to grow in sulfidic waters in the Black Sea at irradiance levels as low as 
0.0005% of surface light intensity (Overmann et 1992). Even if the contribution of 
anoxygenic photoautotrophs is usually considered to be small compared to oxygenic 
photoautotrophs, it has been suggested that they played a key role in the early history of the 
Earth, being the most important primary producers before the emergence of oxygenic 
photosynthesis (Canfield et al. 2006, Crowe et al. 2008a).  
Chemoautotrophic prokaryotes are able to oxidize various reduced species in the dark 
to fix CO2 into their biomass, in oxic or anoxic environments. They greatly impact the 
biogeochemical cycles of diverse elements, such as nitrogen and sulfur, especially in 
oligotrophic systems (Jost et al. 2008). Global rates of oceanic carbon (C) fixation by 
chemoautotrophs would approximate 0.77 Pg C yr-1, with nitrification in the euphotic zone 
(0.29 Pg C yr-1) and chemoautotrophic processes in near-shore sediments (0.29 Pg C yr-1) as 
the most important contributors (Middelburg 2011). At the global scale, the chemoautotrophic 
production would represent a non negligible input of organic C in the ocean, being similar to 
the supply of organic C through rivers (estimated at 0.9 Pg C yr-1 by Cole et al. 2007), but 
would nevertheless be comparively much smaller than than the oxygenic phototrophic 
production carried out by phytoplankton in illuminated waters (48.5-54 Pg C y-1, Dunne et al. 
2007). 
In modern aquatic environments, particularly high abundances of chemoautotrophs or 
anoxygenic photoautrophs have been documented in permanently stratified water bodies, such 
as the Black Sea (Grote et al. 2008), the Cariaco Basin (Taylor et al. 2001), several coastal 
upwelling regions (Farias et al. 2009), and meromictic freshwater lakes (Hadas et al. 2001 ; 
Garcia-Cantizano et al. 2005). All these systems are characterized by the presence of a pelagic 
redox gradient (redoxcline) that separates the oxygenated upper waters rich in electron 
acceptors from the anoxic bottom where electron donors are abundant. As these micro-
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organisms derive their energy from the oxidation of reduced species, or light in the case of 
anoxygenic phototrophs, the redoxcline is usually an area of intense biogeochemical activity. 
For instance, it has been reported that (net) dark CO2 fixation in the redoxcline of Black Sea 
(May 1988) could reach 15% of the depth-integrated phytoplankton net primary production 
(Jørgensen et al. 1991). Areal net chemoautotrophic production have been found to even 
exceed by a significant margin (332%) the areal net photosynthetic production in the Cariaco 
basin (July 1998). In the freshwater oligotrophic Lake Cisó (Spain), chemoautotrophic 
organisms are the main contributors to the annual primary production (56-61%), followed by 
anoxygenic photosynthesis (19-35%), and oxygenic photosynthesis (4-25%) (García-
Cantizano et al. 2005). Hence, chemoautotrophs and anoxygenic photoautotrophs play a key 
role in the functioning of stratified ecosystems: they could contribute significantly to the 
autochtonous primary production but could also exert an indirect control on oxygenic 
photoautotrophs by limiting the vertical nutrient flux to the illuminated surface waters 
(Haberyan and Hecky 1987). 
Climate change has been identified as the main cause of the decrease of the oxygen 
(O2) content of the oceans (Stramma et al 2008). Warming of surface waters leads to an 
increased difference in water density that reduces the vertical penetration of O2 (Keeling and 
Garcia 2002). Consequently, the size and severity of hypoxic and anoxic zone are spreading at 
the global scale (Helly and Levin 2004). Records of air temperature show that temperature has 
risen by 0.5-0.7°C during the 20th century in the East African region, consistent with the 
global increase pattern (O’Reilly et al. 2003). Furthermore, climate warming has been 
recently found to strengthen the vertical stratification of another large and deep tropical lake 
in East Africa (Lake Tanganyika, Verburg and Hecky 2009), and to affect the functioning of 
this aquatic ecosystem. A recent study revealed that the surface waters of Lake Kivu are 
warming at a rate of 0.12°C per decade, following the same warming trend than other East 
African lakes (Katsev et al. 2014). 
In this context, it seems important to improve the current understanding of the role of 
chemoautotrophs and anoxygenic phototrophs, especially in subtropical environments. With a 
well-developed and permanent stratification, Lake Kivu is an ideal natural laboratory for 
studying chemoautotrophy. During rainy and dry season, we carried out 13C-bicarbonate 
labeling experiment to quantify the chemoautotrophic and anoxygenic phototrophic 
production in Lake Kivu. Additionally, we aimed at tracing the incorporation of 13C into 
phospholipid fatty acids (PLFA) used as biomarkers to identify the organisms involved in 
dark or light-dependent CO2 fixation. 
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5.3.Material and methods  
5.3.1.Study site description and sampling 
Lake Kivu (East Africa) is a large (2370 km²) and deep (maximum depth of 485 m) 
meromictic lake. Its vertical structure consists of a nutrient-poor and oxic mixed layer 
separated from the permanently anoxic deep waters, rich in dissolved gases (CH4, CO2) and 
inorganic nutrients, by a relatively stable chemocline located at ~70 m depth. Seasonal 
variations of the maximal depth of the mixed layer are driven by contrasting air humidity 
between rainy (October-May) and dry (June-September) season (Thiery et al. 2014). The dry 
season is characterized by a deepening of the oxic zone, and an increased input of dissolved 
gases and inorganic nutrients to the mixed layer that favour the growth of diatoms 
(Darchambeau et al. 2014). In constrast to the main lake, Kabuno Bay, a small sub-basin 
almost isolated from the rest of the lake, is characterized by a shallower, very sharp and stable 
stratification and therefore the vertical position of the oxic-anoxic transition zone (~10.5 m) 
does not vary seasonally (Borges et al. 2011).  
Sampling was carried out in Lake Kivu during rainy (February 2012, 01°43’S, 29°14’E) 
and dry (September 2012, 02°20’S, 28°58’E) seasons and in Kabuno Bay (01°37’S, 29°02’E) 
in February 2012. Temperature and conductivity profiles were obtained with a Yellow 
Springs Instrument (YSI) 6600 V2 probe. The conductivity cell was calibrated with a 1000 µS 
cm-1 (25°C) YSI standard. O2 concentration was measured with a YSI-proODO probe with a 
optical O2 sensor (detection limit is 3 µmol L-1), calibrated using air saturated water. In the 
main basin of Lake Kivu, waters was collected with a 7 L Niskin bottle (Hydro-Bios) at a 
depth interval of 5 m from the lake surface to 80 m depth. In Kabuno Bay, water was 
collected using a Teflon tubing connected to a peristaltic pump at a minimal depth interval of 
0.25m in the redoxcline (10.00-12.00 m)  
5.3.2. Chemical analyses 
Ammonia (NH4+) concentrations were determined using the dichloroisocyanurate-
salicylate-nitroprussiate colorimetric method, nitrite (NO2-) concentrations were determined 
by the sulphanilamide coloration method, and nitrate (NO3-) concentrations were determined 
after cadmium reduction to NO2- and quantified under this form following the NO2- 
determination procedure (Llirós et al. 2010). The limit of detection of these methods were 0.3, 
0.03, and 0.15 µmol L-1 for NH4+, NO2- and NO3-, respectively. H2S concentrations were 
measured spectrophotometrically according to the method of Cline (1969). Total S 
concentrations were measured by inductively coupled plasma optical emission spectroscopy 
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(ICP-OES). SO42- concentrations were estimated by substracting the H2S concentrations from 
the total S concentrations (Crowe et al. 2014). Ferrous and ferric (Fe2+, Fe3+) iron 
concentrations were determined as described in Crowe et al. (2008b). Samples for CH4 
concentrations were collected in 50 ml glass serum bottles from the Niskin bottle with a tube, 
left to overflow, poisoned with 100 µl of saturated HgCl2 and sealed with butyl stoppers and 
aluminium caps. Concentrations of CH4 were measured by headspace technique (Weiss 1981) 
using gas chromatography with flame ionization detection (GC-FID, SRI 8610C), after 
creating a 20 ml headspace with N2 in the glass serum bottles, and then analyzed following 
the method described by Borges et al. (2011). 
Samples for the determination of δ13C signature of dissolved inorganic carbon (DIC) 
were collected by gently overfilling 12 ml glass vial (Labco Exetainer), preserved with 20 µL 
of HgCl2 saturated. For the analysis of δ13C-DIC, a 2 ml helium headspace was created and 
100 µL of H3PO4 (99 %) was added into each vial to transform all DIC species into CO2. 
After an overnight equilibration, a variable volume of the headspace was injected into an EA-
IRMS (Thermo FlashHT with Thermo DeltaV Advantage). The obtained δ13C data were 
corrected for the isotopic equilibration between gaseous and dissolved CO2 as described in 
Gillikin and Bouillon (2007), and calibrated with LSVEC and NBS-19 certified standards or 
internal standards calibrated with the former. 
Samples for particulate organic carbon concentration (POC) and its stable C isotope 
signature (δ13C-POC) were filtered on pre-combusted (overnight at 450°C) 25 mm glass fiber 
filters (Advantec GF-75 ; 0.3 µm), and dried. These filters were later decarbonated with HCl 
fumes for 4 h, dried and packed in silver cups. POC and δ13C-POC were determined on an 
EA-IRMS (Thermo FlashHT with Thermo DeltaV Advantage). Calibration of POC and δ13C-
POC was performed with IAEA-C6 and acetalinide, and reproducibility of δ13C-POC 
measurements was typically better than 0.2 ‰. 
Samples for PLFA concentration and their δ13C values were filtered on pre-combusted 
47 mm glass fiber filters (Advantec GF-75 ; 0.3 µm), and kept frozen until further processing. 
Extraction and derivatization of PLFA was performed following a modified Bligh and Dyer 
extraction, silica column partitioning, and mild alkaline transmethylation as described by 
Boschker et al. (2004). Analyses were made on a Isolink GC-c-IRMS coupled to a Thermo 
DeltaV Advantage. All samples were analyzed in splitless mode, using an apolar GC column 
(Agilent DB-5) with a flow rate of 2 ml min-1. Initial oven temperature was set at 60°C for 1 
min, then increased to 130°C at 40°C m-1, and subsequently reached 250°C at a rate of 3°C 
min-1. δ13C-PLFA were corrected for the addition of the methyl group by a simple mass 
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balance calculation, and were calibrated using internal (C19:0) and external (mixture of 
C14:0, C16:0, C18:0, C20:0, C22:0) FAME standards. Reproducibility was estimated to be 
0.6 ‰ or better for natural abundance samples. 
5.3.3. Chemoautotrophic bacterial production measurements 
CO2 fixation rates by photo- and chemoautotrophic organisms were quantified at 
several depths within the redoxcline of the main basin and Kabuno Bay. 8 serum bottles (60 
ml) per sampling depth were gently filled directly from the sampling bottle (main basin) or 
from the Teflon tubing (Kabuno Bay), overflowed, and then capped with butyl stoppers and 
sealed with aluminium caps. 4 bottles were covered with aluminium foils, then 1 ml of a 13C-
DIC solution (99.8% 13C-NaHCO3 dissolved in lake water) was injected through the septa of 
each of the 8 bottles to a concentration of 1 mmol L-1 (less than 8% of total DIC stock). 100 
µl of HgCl2 was immediately added to one aluminium covered and one clear bottle, serving as 
control without biological activity. Every bottles were shaken vigorously and incubated 
during 24 h in the lake at their corresponding depth to provide in-situ temperature and 
irradiance conditions. Incubation was stopped by filtration of 40 ml of water from each bottle 
on glass fiber filters (Advantec GF-75, 0.3µm) to trace the incorporation of 13C-DIC in the 
POC pool and a 12 ml exetainer was filled and poisoned with 20 µl HgCl2 to determine the 
exact amount of 13C-DIC added in every bottle. Chemoautotrophic bacterial production (CBP, 
µmol L-1 d-1) was calculated as follow (Hama et al. 1983) with data obtained from the 
incubations in bottles covered with aluminium foils : 
CBP = (POCf * (%13C-POCf - %13C-POCi))/(t * (%13C-DIC - %13C-POCi)  (1) 
Where POCf is the particulate organic concentration at the end of the incubation (µmol L-1), 
%13C-POCf and %13C-POCi is the initial and final percentage of 13C in POC, t is time (d) and 
%13C-DIC is the percentage of 13C in DIC after the addition of the tracer. Results from the 
incubations in clear bottles were used to calculate the anoxygenic photoautotrophic bacterial 
production (anPBP, µmol L-1 d-1), after correcting for the contribution of CBP to the total CO2 
fixation. No inhibitor of oxygenic photosynthesis (such as 3-(3,4-dichlorophenyl)-1,1-
dimethylurea) were used during the incubation, but we assumed that the measured light-
dependent CO2 reflected anoxygenic photosynthesis as the samples were collected in anoxic 
waters. This assumption was confirmed by the results obtained during this study (see below). 
AnPBP was calculated as follow (Hama et al. 1983) : 
anPBP = [(POCf * (%13C-POCf - %13C-POCi))/(t * (%13C-DIC - %13C-POCi)] - CBP 
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5.3.4. Stable isotope labelling of PLFA ( 13C-DIC). 
At each sampling depth, and in parallel with the chemoautotrophic and anoxygenic 
photoautotrophic bacterial production measurements, 8 large serum bottles (250 ml) were 
filled with water, overflowed and sealed with butyl stopper and aluminium caps. 4 of them 
were covered with aluminium foils, then they were all spiked with 1 ml of a 13C-DIC solution 
(less than 8% of total DIC stock) and incubated under in-situ temperature and irradiance 
conditions, at their corresponding depth. After 24 h of incubation in the lake, the 4 bottles 
incubated in the dark were filtered on the same 47 mm glass fiber filter (Advantec GF-75, 
0.3µm) to measure the dark incorporation of the tracer (13C-DIC) into bacterial PLFA. The 
other 4 bottles were directly processed in the same way to measure the phototrophic 
incorporation of DIC into bacterial PLFA. The filters were kept frozen until further 
processing. The extraction, derivatisation and analysis on the GC-c-IRMS were carried out as 
described before. 
5.4. Results 
5.4.1. Physico-chemical characteristics of the water column 
During the rainy season, the water column of Lake Kivu was relatively well mixed and 
oxic from the surface to 45 m (Fig. 1a). CH4 concentrations decreased gradually between 60 
m and 45 m (from 110 µmol L-1 to 1 µmol L-1), as discussed in a previous chapter (Chapter 
4). SO42- was abundant in oxic waters, but below its concentration decreased almost linearly 
with depth between the oxic-anoxic transition zone at 45 m (169 µmol L-1) and 80 m (11 
µmol L-1) (Fig. 1b). H2S concentrations showed the opposite pattern : it was undetectable in 
the mixed layer and slightly below the oxycline, but its concentration increased below 55 m to 
reach a maximum (114 µmol L-1) at 80 m (Fig. 1b). Similarly to H2S, NH4+ concentrations 
were very high in deep waters, decreased between 80 m (210.0 µmol L-1) and 60 m (9.3 µmol 
L-1) and were below the limit of detection (< 3 µmol L-1) above (Fig. 1c). A maximum in 
NO3- (1.6 µmol L-1) and NO2- (1.4 µmol L-1) concentrations was measured at 50 m, 10 m 
above the depth where NH4+ became undetectable (Fig. 1c). 
During the dry season, the conductivity was constant from the surface until 65 m then 
increased sharply, indicating that the water column was well mixed (Fig. 2a). Due to the well-
mixed conditions, significant concentrations of O2 (> 3 µmol L-1) were measured until 65 m 
(Fig. 2a). CH4 was abundant in deep waters of Lake Kivu, however CH4 concentrations 
decreased abruptly at the oxic-anoxic transition zone, being 4 orders of magnitude lower in 
surface waters, as discussed in Chapter 4. NH4+ concentration was lower than the detection  
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Figure 25. During rainy season (February 2012) in the main basin, depth profile of (a) the conductivity (µS cm‐
1) and the concentration of dissolved O2 and CH4 (µmol L‐1), (b) the concentration of H2S and SO42‐ (µmol L‐1), 
(c) the concentration of NH4+, NO3‐ and NO2‐ (µmol L‐1), (d) the daily chemoautotrophic bacterial production 
rates (µmol L‐1 d‐1). Grey zone corresponds to the anoxic (< 3 µmol L‐1) waters. 
limit in most of the mixed layer (down to 60 m), but NH4+ was found to increase slightly 
between 60 m (1.7 µmol L-1) and 65 m (15.6 µmol L-1), in the oxycline, and sharply and 
linearly with depth below 65 m (Fig. 2b). NO3- showed the opposite trend, being undetectable 
in O2- depleted waters, but then increasing to reach a maximum at 62.5 m (4.5 µmol L-1), in 
the oxycline (Fig. 2b). No H2S and SO42- concentrations were available for the dry season at 
the time of writing this thesis chapter.  
The physico-chemical structure of the water column in Kabuno Bay differed in some 
important aspects with the main basin of Lake Kivu. First, the mixed layer and the oxic zone 
were considerably shallower (10.50 m) and the vertical stratification of the water column was 
much sharper, as indicated by the strong increase of conductivity between 10.50 m and 11.50 
m (Fig. 3a). Consequently, Kabuno Bay was characterized by a very sharp and illuminated 
redoxcline. CH4 concentration increased at the oxic-anoxic transition zone (10.50 m) (Fig. 
3a). H2S and SO42- showed the same opposite trend that observed in O2-depleted waters in the 
main basin (Fig. 3b). Kabuno Bay waters contained a particularly high amount of iron 
compared with the rest of the lake. Oxidized and reduced iron species were distributed along a 
redox gradient between 10.75 m (Fe3+ /Fe2+, 92/14 µmol L-1) and 12.00 m (Fe3+/Fe2+, 11/540 
µmol L-1) (Fig. 3c). No NH4+, NO3- and NO2- concentrations were available for Kabuno Bay. 
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Figure 26. During dry season (September 2012) in the main basin, depth profile of (a) the conductivity (µS cm‐
1) and  the  concentration of dissolved O2 and CH4  (µmol  L‐1),  (b)  the  concentration of NH4+, NO3‐ and NO2‐ 
(µmol L‐1), (c) the daily chemoautotrophic bacterial production rates (µmol L‐1 d‐1). Grey zone corresponds to 
the anoxic (< 3 µmol L‐1) waters. 
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Figure 27. In Kabuno Bay, depth profile of (a) the conductivity (µS cm‐1) and the concentration of dissolved O2 
and CH4 (µmol L‐1), (b) of the concentration of H2S and SO42‐ (µmol L‐1), (c) of the concentration of Fe2+ and 
Fe3+  (µmol  L‐1),  (d) of  the daily  chemoautotrophic bacterial production  rates  (black bars, µmol  L‐1 d‐1) and 
anoxygenic photosynthetic bacteria production rates (green bars, µmol L‐1 d‐1). Grey zone  in (a), (b) and (c) 
corresponds to the anoxic (< 3 µmol L‐1) waters. 
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The stable isotope composition of the POC was almost constant from the surface to 55 
m (-24.4 ± 0.3 ‰, n = 12) during dry season, but showed an abrupt excursion towards more 
negative values in the oxycline, with a minimum (-42.8 ‰) at 65 m depth (Fig. 4b). Below in 
the water, δ13C-POC values lightly increased at the bottom of the mixolimnion (-33 ‰ at 70 
m) but stayed lower than in the mixed layer (Fig. 4b). During rainy season, the δ13C-POC 
values showed a similar pattern, being slightly lower in the oxycline than in the oxic zone, 
with a minimum at 50 m (-26.9 ‰) (Fig. 4a). In the shallower Kabuno Bay, δ13C-POC were 
constant (-27.1 ‰ ± 0.3, n = 3) from the surface to the oxycline, where a sharp minimum (-
35.8 ‰ at 10 m) was measured (Fig. 4c). However δ13C-POC abruptly increased (-20.1 ‰ ± 
1.3, n = 5) below the oxycline (10.75 m – 12.00 m), being even higher than in surface waters 
(Fig. 4c).  
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Figure 28. Depth profile of the δ13C‐POC during  (a) rainy and (b) dry season  in the main basins, and  (c)  in 
Kabuno Bay. Grey zone corresponds to the anoxic (< 3 µmol L‐1) waters. 
5.4.2. Depth profile of phospholipid fatty acids concentration and characterization of 
their stable isotope composition 
In the shallower Kabuno Bay, the C16:0 and C16:1 were the dominant PLFA in the water 
column, accounting together for 47.1 - 80% of the total PLFA pool, but their isotopic 
signature varied widely with depth following the pattern of δ13C-POC. They were relatively 
depleted in 13C in the mixed layer (-31.3‰ and -40.2‰, respectively) and even more in the 
oxycline (-42.7‰ and -47.4‰, respectively). However they were considerably heavier in O2- 
depleted waters, in the 10.50-11.50 m interval (-20.5 ± 2.1‰ or -17.0 ± 2.4‰, respectively). 
This strong isotopic enrichment below the oxycline was also measured for the C14:0 and C17 
cyclopropane ring PLFA (cy17:0), the latter being only observed in the redoxcline of Kabuno 
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Bay (7.6 ± 1.7%). Together, C14:0, C16:0, C16:1 and cy17:0 accounted for 76.8 ± 5.7% of 
the total PLFA pool in O2-depleted waters in Kabuno bay (10.50-11.50 m interval). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Hierarchical clustering analysis using the log-transformed relative concentration of 
PLFA (%) as parameters allowed to group bacterial communities of different depths by their 
similarities in PLFA composition. Dendrograms (Fig. 5a,b) show that the PLFA composition 
of the bacterial community was structured following a vertical pattern in the main basin, 
differing largely between the oxic waters and the rest of the water column. Furthermore, the 
community at 10.00 m in Kabuno Bay appears to be very different from the community 
present below the oxycline (10.50–11.50 m, Fig. 5c). Surprisingly, the samples collected at 
the surface (1 m) and bottom of the redoxcline (12 m) appeared very close in the dendrogram 
(Fig. 5c). It might be an artefact due to the fact that PLFA data were expressed in relative, and 
not absolute concentration. 
0.0        0.1         0.2         0.3          0.4         0.5 
Euclidian distance 
 
1 
12.00 
10.50 
10.75 
11.00 
11.25 
11.50 
10.00 
5 
20 
55 
60 
62.5 
70 
65 
5 
20 
40 
45 
50 
60 
70 
a 
b 
c 
Figure  29.  Dendrograms  obtained  from  hierarchical  cluster  analysis  using  the  log‐transformed  relative
abundance (%) of phospholipid fatty acids as variables. (a) and (b) are the main basins during rainy and dry
season, respectively, and (c) is Kabuno Bay. 
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Irrespective of season and depth, the C16:0 was always the most abundant of all PLFA 
(18-35%). The relative abundance of the C16 monounsaturated fatty acids (C16 MUFA) 
significantly increased at the oxycline during dry season and rainy season. The δ13C signature 
of the C16 MUFA in oxic waters was comparable to the δ13C signature of the C16:0, 
oscillating around -27‰ or -29‰ during rainy and dry season, respectively. However, C16 
MUFA were largely depleted in 13C in the oxycline, with minimal δ13C values in the oxycline 
as low as -55.3‰ during dry season, and -49.5‰ during rainy season. The C14:0 and C18 
MUFA were relatively more abundant in oxic waters (3.4% ± 1.5 and 11.5% ± 3.0, 
respectively) than in the oxycline or below, in O2-depleted waters (1.3% ± 0.2 and 4.1% ± 
0.9). Their isotopic composition varied with depth following the same vertical pattern than 16 
MUFA, but with a lower amplitude. The relative abundance of iso- and anteiso-branched 15:0 
PLFA was constantly low (1-5%) and did not follow any depth pattern, their isotopic 
signature was however slightly lower below the oxic zone. 
5.4.3. Chemoautotrophic and anoxygenic phototrophic bacterial production 
Significant CBP rates were measured at the oxic-anoxic transition zone and under, in 
O2-depleted waters. Maximal values were observed at the bottom of the mixolimnion (70 m) 
during dry and rainy seasons (1.43 µmol L-1 d-1), in the counter-gradient of H2S/SO42- (Fig. 
1d, 2d). During the rainy season, an additional maximum in CBP (0.9 µmol L-1 d-1) was 
observed above the sulfidic zone (45 –50 m), in a nitrogenous zone characterized by the No 
measurable anPBP was measured in the water column of the main basin, accumulation of 
NO3- and NO2- (Fig. 2d). irrespectively of the season. In contrast, anPBP was relatively high 
in the sharp redoxcline of Kabuno bay, ranging between 2.7 and 9.3 µmol L-1 d-1 while CBP 
rates never exceeded 0.8 µmol L-1 d-1 (Fig. 3d). 
Integrated over the water column of the main basin of Lake Kivu, CBP was estimated 
at 19.0 mmol m-2 d-1 and 13.9 mmol m-2 d-1 during the rainy and dry season, respectively. In 
Kabuno Bay, anPBP (2.9 mmol m-2 d-1) was largely higher than CBP (0.2 mmol m-2 d-1), but 
note that these areal rates are more than likely underestimated due to the narrow sampling 
interval (11.00–11.50 m) in the redoxcline. 
5.4.4. Stable isotope labelling of PLFA ( 13C-DIC). 
The PLFA labelling experiment showed that the CO2 fixed in the dark by the 
chemoautotrophs in the main basin was incorporated almost exclusively in C16 MUFA and 
C16:0. Between 43% and 98% of the total amount of CO2 fixed into PLFA in O2-depleted 
waters (50–70 m) were incorporated into C16 MUFA and C16:0 during the rainy season, and 
53% - 88% (62.5–70 m) during the dry season (data not shown). A similar incorporation 
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pattern was found below the oxycline in Kabuno Bay, where 76 ± 5 % of the total amount of 
CO2 fixed in the dark into PLFA was incorporated into C16 MUFA and C16:0 (data not 
shown). In the main basin, at the depths where significant CBP rates were recorded, the 
highest specific CO2 incorporation rates in the dark were always observed for C16 MUFA 
during the rainy (0.037 d-1 ± 0.008) and the dry (0.051 d-1) season (Fig. 6). In contrast in 
Kabuno Bay, during incubations under in-situ light conditions, CO2 was predominantly fixed 
into C14:0, C16:0, C16 MUFA and C18 MUFA (Fig. 7). 
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Figure 30. Specific C incorporation patterns into PLFA (incorporation rates normalized to PLFA concentration) 
during (a) rainy season (February 2012) and (b) dry season (September 2012) in the main basin of Lake Kivu. 
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Figure 31. Specific C incorporation pattern into PLFA in Kabuno Bay. Grey (a) and green (b) bars correspond 
to chemoautotrophic bacterial production and anoxygenic phototrophic bacterial production, respectively.  
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5.5. Discussion 
The results of this study provide evidence for the existence of a biogeochemically 
active chemoautotrophic bacteria community in the redoxcline of Lake Kivu. Additionally, 
PLFA analysis suggests that the bacterial community composition is structured vertically in 
the water column, with a large dissimilarity between the oxic and O2-depleted waters. 
Maximal volumetric dark CO2 fixation rates measured in Lake Kivu were in the same range 
of values reported from H2S-rich marine redoxcline, such as the Black Sea (Grote et al. 2008), 
the Baltic Sea (Jost et al. 2008) and the Cariaco Basin (Taylor et al 2001). In these marine 
systems, the maximal chemoautotrophic activities were observed in sulfidic waters, well 
below the oxic-anoxic transition zone. In Lake Kivu, oxygen was also undetectable (< 3 µmol 
L-1) at most of the depths where significant chemoautotrophic production were measured, 
raising the question of which electron acceptors are used by chemoautotrophic organisms in 
the lower zone of the redoxcline.  
As already pointed out (Darchambeau et al. 2014), the density gradient of the mixed 
layer is usually weak in Lake Kivu, and the stratification of the water column is rather 
unstable. Episodical intrusion of dissolved O2 in the deeper part of the chemocline could 
therefore partly fuel aerobic NH4+ or H2S oxidation. However, in the absence of O2, it is 
widely assumed that prokaryotes use the thermodynamically most favourable electron 
acceptors available in waters. NO3- could notably be used as an electron acceptor to reduce 
H2S by autotrophic Epsilonproteobacteria members (Sulfurimonas, Sulfuricurvum), observed 
in high abundance in the bottom of the redoxcline in Lake Kivu (Inceoglu et al. submitted). 
Moreover, a putative linkage between NO3- reduction and H2S oxidation has been indirectly 
evidenced in the O2-depleted waters of Lake Kivu (Roland 2012).  
The PLFA labelling experiment revealed that, under dark conditions, CO2 was almost 
exclusively incorporated into C16 MUFA at the depths where significant CBP rates were 
measured. It has actually been suggested that MUFA are typical of gram-negative bacteria 
(Glaubitz et al. 2009) and that C16:1ω7 is particularly abundant in sulphur oxidizing bacteria 
(Li et al. 2007). The biogeochemical importance of chemoautotrophic Epsilonproteobacteria 
has been also highlighted by microautoradiography in the redoxcline of the Black Sea and the 
Baltic Sea, where they have been found to contribute the most to chemoautotrophic 
production (Grote et al. 2008). In Lake Kivu, the NO3- required for autotrophic denitrification 
in the bottom of the redoxcline might be produced via anaerobic NH4+ oxidation, a process 
using manganese oxide as electron acceptor (Thamdrup and Daalsgard 2000). This hypothesis 
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is supported by the observation of a maximum in the concentration of Mn2+, the final product 
of the anaerobic NH4+ oxidation reaction, at the bottom of the redoxcline (Pasche et al. 2009).  
Considering theoretical stoichiometries, the vertical diffusive and advective fluxes of 
the main electron donors (NH4+, 1.95 mmol m-2 d-1 ; H2S, 0.61 mmol m-2 d-1) estimated in the 
main basin of Lake Kivu by Pasche et al. (2009) were largely insufficient to fuel the CBP 
rates measured during this study. It could imply that an intensive, yet cryptic, recycling of S- 
or N- redox species in the redoxcline must play an important role in Lake Kivu to sustain the 
chemoautotrophic demand, as it has been suggested for the Black Sea (Murray et al. 1995) 
and the Cariaco basin (Taylor et al. 2001). Despite their biogeochemical significance in the 
water column, these processes would not have any clear in situ chemical expression because 
of the tight coupling between production and consumption of the chemical species used by the 
chemoautotrophs. 
 With a shallower and illuminated redoxcline, Kabuno Bay was characterized by 
anPBP rates an order of magnitude higher than CBP rates. The strong 13C-labelling during the 
tracer experiments of the C14:0, C16:0 and C16 MUFA, which were also naturally enriched 
in 13C under in situ conditions, indicates that the bacteria responsible of the anoxygenic 
photosynthetic CO2 fixation were members of the Chlorobium genus. Indeed, these fatty acids 
are usually highly abundant in Chlorobium (Imhoff 2003), and they are known to use the 
reverse tricarboxylic cycle (rTCA) pathway to fix C into the cellular biomass. This alternative 
fixation pathway is less discriminating against 13C than other photosynthetic pathway, such as 
the Calvin cycle. Considering the isotope fractionation factor for C fixation by Chlorobium 
via the rTCA pathway (-12.2‰, Sirevag et al. (1977) and the measured δ13C-DIC below the 
oxycline in Kabuno Bay during this study (-5.4 ± 0.3 ‰, n = 6), we estimated that the 
theoretical isotopic signature of the biomass fixed by Chlorobium should approximate -17 ‰ 
in Kabuno Bay. Therefore, using a simple isotope mixing model with the δ13C-POC in surface 
as a sedimenting organic matter end-member and the δ13C signature of Chlorobium as a 
second end-member, we estimated that 71% ± 12% of the POC pool below the oxycline 
originated from anoxygenic photosynthesis, with a maximum (85%) at 11.25 m. Furthermore, 
when integrated over the water column from the surface to the bottom of the redoxcline 
(12.00 m), the data revealed that 56% of the total POC pool was derived from anoxygenic 
CO2 fixation by Chlorobium. Altogether, these results stress the important role played by 
Chlorobium in the C cycle of Kabuno Bay.  
A relatively high abundance of cy17:0 was found below the oxycline of Kabuno Bay, 
whereas it was undetectable in the main basin of Lake Kivu. This PLFA was naturally 
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enriched in 13C in the water column (-9.5 ± 1.2 ‰, n = 5), reflecting its almost exclusive 
presence in Chlorobium cellular membrane. However, it was never labelled during the 13C-
tracer experiment. It has been shown that cy17:0 is directly synthesized from C16 MUFA by 
modification of the cis double bond but cyclopropane ring formation in bacterial membranes 
has a high energetic cost. The cyclopropane bond is more stable than a double bond and plays 
a crucial role in protection against thermal, acidic, oxidative, or salt stress (Grogan & Cronan 
1997, Zhang 2008). In anoxygenic phototrophs, the cyclopropane ring has notably been found 
to reinforce the resistance of the light-harvesting chlorosome to different types of 
environmental stress (Mizoguchi et al. 2013) and its production typically occurs when 
bacterial cells encounter starvation or others forms of growth stasis (Grogan & Cronan 1997). 
Overall, it is generally assumed that the main physiological function of cyclopropane fatty 
acids is to improve the viability of slow-growing or quiescent cells (Zhang 2008). The 
absence of isotopic labelling of the cy17:0 during the 24h incubation carried out in during this 
study is consistent with the idea that this specific fatty acid is mainly present in inactive cells. 
Therefore, the high proportion of cy17:0 relative to its precursor (C16 MUFA), found below 
the oxycline could indicate that, despite its high biomass, a significant fraction of the 
anoxygenic phototroph community present in Kabuno Bay was inactive. Relatively low 
activity of the anoxygenic phototrophic biomass were similarly reported for stratified Lake 
Cisó (Casamayor et al. 2008) and Lake Matano (Crowe et al. 2014), and related to light 
limitation induced by the physico-chemical structure of the water column or by self-shading. 
Anoxygenic phototrophic bacteria are usually known to use H2S as an electron 
acceptor and usually occur in sulfidic environments. However a strain of Chlorobium 
(Chlorobium ferrooxidans) has been found to be able to oxidize Fe2+ in iron-rich 
environments (Heising et al. 1999). In a water column, the vertical upward flux of electron 
acceptors could be estimated as follows (Pasche et al. 2009) : 
Ftotal = - Dturbulent x (ΔC/Δz) + C x Adv       (3) 
Where Dturbulent is the turbulent diffusion coefficient (m2 s-1), ΔC/Δz is the vertical 
concentration gradient (mol m-4), Adv is the vertical upwelling velocity and C is the 
concentration at a given depth (mol m-3). By using coefficients for turbulent diffusivity 
(1.4x10-7 – 1.0x10-6 m2 s-1) and vertical advection (6.3x10-9 – 6.3x10-8 m s-1) estimated for 
Kabuno Bay (Martin Schmid, pers. com.) and the measured concentration gradient of Fe2+ 
(422 mmol m-4) and H2S (1.6 mmol m-4), the upward flux of Fe2+ and H2S through the 
redoxcline would approximate 5-37 mmol m-2 d-1, and 0.02-0.14 mmol m-2 d-1, respectively. It 
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appears from these calculation that the upward H2S inputs is at least one order of magnitude 
too low to support the high anPBP rates measured during this study (11.00-11.50 m), but the 
upward Fe2+ flux would be sufficient to fuel the totality of the anPBP (Table 1).  
Table  6.  Comparison  of  upward  electron  donor  (H2S,  Fe2+)  fluxes  in  Kabuno  Bay  and  estimation  of  the 
percentage of anoxygenic phototrophic bacterial production that could be potentially fuelled by these fluxes. 
 
 
 
 
 
 
Therefore, the relatively low supply of H2S compared to Fe2+ implies that the anoxygenic 
phototrophic community in Kabuno might largely rely on Fe2+ as electron source. This 
hypothesis is further supported by 454-pyrosequencing results revealing that Kabuno Bay 
Chlorobium exhibits high 16S rRNA gene similarity to Chlorobium ferrooxidans, the unique 
known photoferrotrophic Chlorobi. During this study, significant anoxygenic 
photoferrotrophic production was measured for the first time in a pelagic environment. 
Similarly to Lake Matano, Indonesia (Crowe et al. 2008a), Kabuno Bay seems to be a good 
analogue of the Precambrian Ocean, and could constitute an ideal laboratory for further study 
on ferrophotrophy in natural environment. 
In summary, chemoautotrophy in the pelagic redoxcline of Lake Kivu is significant, 
and may affect the ecological functioning of Lake Kivu in several ways. Chemoautotrophs 
may represent alternative sources of autochtonous OM for higher trophic levels, besides 
oxygenic photosynthesis carried out by phytoplankton in the surface waters. Furthermore, 
they could exert an indirect control on phytoplankton production by limiting the amount of 
inorganic nutrient that reach the illuminated surface waters. This seems to be specially 
important in the large East African Rift lakes where internal nutrient loading via upward 
fluxes is of major importance for phytoplankton growth (Kilham and Kilham 1990 ; Pasche et 
al. 2009). For instance, if chemoautotrophic uptake of dissolved inorganic phosphorus (DIP) 
follows Redfield stoechiometry (C:P = 106:1), chemoautotrophic DIP uptake in the 
redoxcline of the main bain would have approximated 0.18 mmol m-2 d-1 and 0.13 mmol m-2 
d-1 in February and September 2012, respectively. This DIP uptake flux is higher than the 
upward DIP flux of 0.08 mmol m-2 d-1 estimated by Pasche et al. (2009), highlighting the 
strength of the constraint they might exert on nutrient availability in the mixed layer, but also 
Electron donor (ed) H2S Fe2+ 
Upward flux (mmol m-2 d-1) 0.02 – 0.14 5 - 37 
Oxidation product S0 SO42- Fe3+ 
Reaction Stoichiometry (ed:CO2) 2 0.5 4 
Areal anPBP (mmol m-2 d-1) 2.9 2.9 2.9 
% of anPBP sustained by upward flux 0-2 1-10 43-318 
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suggesting that a substantial amount of inorganic nutrient is actively recycled in the 
redoxcline to sustain the chemoautotrophic demand. 
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Chapter 6. Carbon cycling of Lake Kivu (East Africa): net 
autotrophy in the epilimnion and emission of CO2 to the 
atmosphere sustained by geogenic inputs 
Adapted from : Borges, A. V., Morana, C., Bouillon, S., Servais, P., Descy, J-P., & 
Darchambeau, F. (2014). Carbon cycling of Lake Kivu (East Africa) : net autotrophy in the 
epilimnion and emission of CO2 to the atmosphere sustained by geogenic inputs. PloS One 
DOI: 10.1371/journal.pone.0109500 
6.1. Abstract 
We report organic and inorganic carbon distributions and fluxes in a large (>2000 
km2) oligotrophic lake (Lake Kivu, East Africa), acquired during eight field surveys between 
March 2007 and September 2012, that captured the seasonal variations. The partial pressure 
of CO2 (pCO2) in surface waters of the main basin of Lake Kivu showed modest seasonal 
variations (average : 684 ± 136 ppm). The δ13C signature of the dissolved inorganic carbon 
(DIC) pool in the mixed layer varied also little across seasons (average 3.2 ± 0.6 ‰). The 
negative relationships observed between the δ13C-DIC and the mixed layer depth or pCO2, 
suggest that the input of CO2-rich and 13C-depleted deep waters during partial mixing of the 
water column was a major driver of the variability of measured pCO2 in surface waters. 
Surface waters of the main basin of Lake Kivu were a net source of CO2 to the atmosphere at 
an average rate of 11.2 ± 4.9 mmol m-2 d-1 which is lower than the global average reported for 
freshwater, saline and volcanic lakes. Based on whole-lake mass balance of dissolved 
inorganic carbon (DIC) bulk concentrations and of its stable carbon isotope composition, we 
show that the epilimnion of Lake Kivu was net autotrophic, with net community production 
ranging between 21.6 and 30.3 mmol m-2 d-1 (average of 25.8 ± 2.9 of mmol m-2 d-1). The 
carbon budget implies that the CO2 emission to the atmosphere must be sustained by DIC 
inputs of geogenic origin from deep geothermal springs.  
6.2. Introduction 
The current understanding of the role of lakes on CO2 emissions could be biased 
because most observations have been obtained in temperate and boreal (humic) systems, and 
mostly in medium to small sized lakes, during open-water (ice-free) periods (Sobek et al. 
2005). Much less observations are available from hard-water and saline lakes or large tropical 
lakes (Duarte et al. 2008). Tropical freshwater environments are indeed under-sampled 
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compared to temperate and boreal systems in terms of C dynamics in general, and specifically 
in terms of CO2 dynamics. In an extensive compilation of CO2 concentration data from 4902 
lakes globally (Sobek et al. 2005), there were only 148 data entries for tropical systems 
(~3%). Yet, about 50% of freshwater and an equivalent fraction of organic C is delivered by 
rivers to the oceans at tropical latitudes (Ludwig et al. 1996). Tropical lakes represent about 
16% of the total surface of lakes (Lehner and Döll 2004), and Lakes Victoria, Tanganyika and 
Malawi belong to the seven largest lakes by area in the world. According to the zonal 
distribution given by Aufdenkampe et al. (2011), tropical inland waters account for ~60% of 
the global emission of CO2 from inland waters (0.45 PgC yr-1 for lakes and reservoirs, 0.39 
PgC yr-1 for rivers and streams, and 1.12 PgC yr-1 for wetlands). It is clear that additional data 
are required to verify and re-evaluate more accurately the CO2 fluxes from tropical systems.  
Lake Kivu is one of the East African great lakes (2370 km2 surface area, 550 km3 
volume). It is a deep (maximum depth of 485 m) meromictic lake, with an oxic mixolimnion 
down to 70 m maximum, and a deep monolimnion rich in dissolved gases and nutrients 
(Schmid et al. 2005). Deep layers receive heat, salts, and CO2 from deep geothermal springs 
(Schmid et al. 2005). Seasonality of the physical and chemical vertical structure and 
biological activity in surface waters of Lake Kivu is driven by the oscillation between the dry 
season (June-September) and the rainy season (October-May), the former characterized by a 
deepening of the mixolimnion (Thiery et al. 2014). This seasonal mixing favours the input of 
dissolved nutrients and the development of diatoms, while, during the rest of the year, the 
phytoplankton assemblage is dominated by cyanobacteria, chrysophytes and cryptophytes 
(Sarmento et al. 2006, Darchambeau et al. 2014). 
Extremely high amounts of CO2 and methane (CH4) (300 km3 and 60 km3, 
respectively, at 0°C and 1 atm) (Schmid et al. 2005) are dissolved in the deep layers of Lake 
Kivu. Stable isotope and radiocarbon data suggest that the CO2 is mainly geogenic (Schoell et 
al. 1988). While the risk of a limnic eruption is currently minimal (Schmid et al. 2005), large 
scale industrial extraction of CH4 from the deep layers of Lake Kivu is planned (Nayar 2009), 
which could affect the ecology and biogeochemical cycling of C of the lake and change for 
instance the emission of greenhouse gases such as CH4 and CO2. The net emission of CH4 to 
the atmosphere from Lake Kivu was quantified by Borges et al. (2011), and was surprisingly 
low - among the lowest ever reported in lakes globally - considering the large amounts of CH4 
stored in deep waters. Here, we report a data-set obtained during eight surveys covering the 
seasonality of CO2 dynamics and fluxes in conjunction with mass balances of the bulk 
dissolved inorganic C (DIC) and 13C-DIC in the mixolimnion of Lake Kivu. 
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6.3. Material and methods 
6.3.1. Chemical analyses 
Eight sampling campaigns were carried out in Lake Kivu on 15/03-29/03/2007 (mid 
rainy season), 28/08-10/09/2007 (late dry season), 21/06-03/07/2008 (early dry season), 
21/04-05/05/2009 (late rainy season), 19/10-27/10/10 (early rainy season), 24/06-03/07/2011 
(early dry season), 26/01-08/02/12 (mid rainy season) and 27/09-08/10/12 (late dry season).  
Sampling was also carried out during the first 5 cruises at 11 rivers (sampling depth ~20 cm) 
draining into lake Kivu and representing the outflow of the lake (Ruzizi River). 
Vertical profiles of temperature, conductivity and oxygen were obtained with a Yellow 
Springs Instrument (YSI) 6600 V2 probe. Calibration of sensors was carried out prior to the 
cruises and regularly checked during the cruises. The conductivity cell was calibrated with a 
1000 µS cm-1 (25°C) YSI standard. The oxygen membrane probe was calibrated with 
humidity saturated ambient air. Salinity was computed from specific conductivity according 
to Schmid et al. (2012). 
For the determination of pH, total alkalinity (TA) and the δ13C signature of dissolved 
inorganic carbon (DIC) and particulate organic carbon (POC), water was sampled with a 5 L 
Niskin bottle (Hydro-Bios). Samples were collected every 5 m from 10 to 60-80 m depending 
on the cruise and station. Water samples for the analysis of δ13C-DIC were taken from the 
Niskin bottle by gently overfilling 12 ml glass Exetainer vials, poisoning with 20 µl of a 
saturated HgCl2 solution, and gas-tight capped. A water volume of 50 ml was filtered through 
a 0.2 μm pore size polyethersulfone (PES) syringe filters and was stored at ambient 
temperature in polyethylene bottles for the determination of TA. POC was filtered on 0.7 µm 
pore 25 mm diameter GF/F glass fiber filters (pre-combusted 500°C 5h), stored dry. Sampling 
of river surface waters followed the same procedures outlined above.  
Measurements of pH in water sampled from the Niskin bottle were carried out with a 
Metrohm (6.0253.100) combined electrode calibrated with US National Bureau of Standards 
(NBS) buffers of pH 4.002 (25°C) and pH 6.881 (25°C) prepared according to Frankignoulle 
& Borges (2001). Measurements of TA were carried out by open-cell titration with HCl 0.1 M 
according to Gran (1952) on 50 ml water samples, and data were quality checked with 
Certified Reference Material acquired from Andrew Dickson (Scripps Institution of 
Oceanography, University of California, San Diego). DIC was computed from pH and TA 
measurements using the carbonic acid dissociation constants of Millero et al. (2006). For the 
analysis of δ13C-DIC a helium headspace was created in 12 ml glass vials, and ~300 µl of 
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H3PO4 was added to convert all DIC species to CO2. After overnight equilibration, part of the 
headspace was injected into the He stream of an elemental analyser – isotope ratio mass 
spectrometer (ThermoFinnigan Flash1112 and ThermoFinnigan Delta+XL, or Thermo 
FlashEA/HT coupled to Thermo Delta V) for δ13C measurements. The obtained δ13C data 
were corrected for the isotopic equilibration between gaseous and dissolved CO2 and 
calibrated with LSVEC and NBS-19 certified standards or internal standards calibrated with 
the former. δ13C-POC were determined from filters on a Thermo elemental analyzer–isotope 
ratio mass spectrometer (EA-IRMS) system (various configurations, either Flash1112, 
FlashHT with Delta+XL or DeltaV Advantage). Quantification and calibration of δ13C data 
was performed with IAEA-C6 and acetanilide which was internally calibrated versus. 
international standards.  
6.3.2. 13C-DIC mass balance model 
 
 
 
 
 
 
 
 
 
 
The combination of the DIC and 13C-DIC budget for the mixed layer allows to 
estimate independently both the deep DIC input by upwelling (FDIC_upwelling) and the net 
community production rates (FNCP) (Quay et al. 2003, 2009). At steady-state, DIC and 13C-
DIC mass balance is given by the following equations (1) and (2) : 
FDIC_river - FDIC_Ruzizi + FDIC_upward - FCO2 - FEXP = 0     (1) 
[FDIC_river x (13C/12C)DIC_river] - [FDIC_Ruzizi x (13C/12C)DIC_lake] + [FDIC_upward x 
(13C/12C)DIC_upward] - [FCO2 x (13C/12C)CO2] - [k x FExp x (13C/12C)NCP] - [(1-k) x FEXP x 
(13C/12C)CaCO3] = 0         (2) 
where FExp and k are set down as : 
FEXP = FNCP + FCaCO3         (3) 
Mixed layer 
Mixolimnion 
 
 
Monimolimnion
0 m 
 
 
 
 
 
 
 
 
70 m 
 
FDIC river FDIC ruzizi
FCO2
FNCP & FCaCO3
FDIC upward
Figure  1.  Schematic  representation  of  the DIC  and DI13C  budgets  in  the mixed  layer,  as  described  in  the 
equation (1) and (2). 
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k = FNCP / (FNCP + FCaCO3)        (4) 
FDIC_river is the DIC inputs from the inflowing rivers, FDIC_Ruzizi is the DIC output by the 
Ruzizi, FDIC_upward is the vertical DIC input to the mixed layer from the monimolimnion by 
physical processes, FCO2 is the net CO2 evasion at the water-atmosphere interface, FCaCO3 is 
the precipitation of inorganic C in the mixed layer and its subsequent export to the 
monimolimnion and FNCP is the net community production in the mixed layer. The (13C/12C) 
in the equation (13) represents the 13C:12C ratio of each of the net C fluxes, and can be 
expressed using the classical δ13C notation (Quay et al. 2003).  
11 out of the 13 different components of the equations (1) and (2) can be measured or 
directly computed from measured variables, and then the equations can be solved in order to 
estimate the FDIC_upward and FEXP fluxes. FDIC_river was computed from discharge-weighted 
average DIC in the 11 sampled rivers draining into Lake Kivu (DICriver), and total freshwater 
discharge from rivers (Qriver), according to: 
FDIC_river = DICriver x Qriver        (5) 
FDIC_Ruzizi was computed from DIC measured in the Ruzizi River (DICRuzizi), and the flow of 
the Ruzizi River (QRuzizi), according to: 
FDIC_Ruzizi = DICRuzizi x QRuzizi        (6) 
FCO2 was computed according to: 
FCO2 = kas x α x ΔpCO2        (7) 
where kas is the gas transfer velocity, α is the CO2 solubility coefficient, and ΔpCO2 is the air-
water gradient of pCO2 computed from 1-m depth water pCO2 and an atmospheric pCO2 
value ranging from ~372 ppm to ~376 ppm (depending on the cruise), corresponding to the 
monthly average at Mount Kenya (Kenya, 0.05°S 37.30°E) obtained from GLOBALVIEW-
CO2 (Carbon Cycle Greenhouse Gases Group of the National Oceanic and Atmospheric 
Administration, Earth System Research Laboratory), and converted into wet air using the 
water vapour algorithm of Weiss and Price (1980). α was computed from temperature and 
salinity using the algorithm of Weiss (1974), kas was computed from wind speed using the 
parameterization of Cole and Caraco (1998) and the Schmidt number of CO2 in fresh water 
according to the algorithm given by Wanninkhof (1992). Wind speed was computed on the 
basis of monthly averaged wind speed data acquired during 2013 with a meteorological 
station located offshore in the northern basin of the lake  (1°43'S 29°43’E) (Wim Thiery, pers. 
com.).  
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(13C/12C)DIC_river, (13C/12C)DIC_lake and (13C/12C)POC were directly measured during the 
eight field surveys. Average (13C/12C)DIC_river and average (13C/12C)DIC_lake and (13C/12C)POC 
values in the mixed layer were used in the subsequent calculations (see Table 1). 
(13C/12C)CaCO3 was computed from depth-integrated δ13C-DIC in the mixed layer and a 
fractionation factor ε_CaCO3-HCO3 = 0.88‰ (Emrich et al. 1970). The (13C/12C)DIC_upward which 
represents the δ13C signature of the net upward DIC input, was estimated from the δ13C-DIC 
vertical gradient as follow :  
(13C/12C)DIC_upward = {[DICz+1 x (13C/12C)DIC_z+1] – [DICz x (13C/12C)DIC_z]}/(DICz+1 – 
DICz)         
where z is the depth, DICz and DICz+1 are the DIC concentration at the depth z and z+1, 
(13C/12C)DIC_z and (13C/12C)DIC_z+1 are the δ13C signature of DIC at the depth z and z+1. The 
δ13C signature of the net flux of CO2 at the air-water interface was calculated from the δ13C 
signature of the different DIC species in surface water and the atmospheric CO2 (-8.0 ‰) 
according to:  
(13C/12C)CO2 = αam x αsol x [pCO2atm x (13C/12C)CO2atm – pCO2w x (13C/12C)DIC_lake x αDIC-
g] / [pCO2atm – pCO2w]        (9) 
where (13C/12C)CO2atm and (13C/12C)DIC_lake are the δ13C signature of atmospheric CO2 and lake 
DIC, respectively, αam and αsol are respectively the kinetic fractionation effect during CO2 gas 
transfer, and the equilibrium fractionation during CO2 dissolution measured by Zhang et al. 
(1995) in distilled water. αDIC-g is the equilibrium fractionation factor between aqueous DIC 
and gaseous CO2 and is defined as : 
αDIC-g = [(13C/12C)CO2atm - (13C/12C)diseq] / [(13C/12C)DIC_lake]    (10) 
where (13C/12C)diseq is the air-water δ13C disequilibrium, that is the difference between the 
δ13C-DIC expected at equilibrium with atmosphere CO2 minus the measured δ13C-DIC in 
surface water of the lake.  
The factor k in the equations (2) and (4) is the ratio between FNCP and FEXP. Hence, 
assuming steady-state, k should corresponds to the ratio between the sedimenting fluxes of 
organic C and total C, and was ranging between 0.88 – 0.94 (0.92 ± 0.03, n = 5) in recent 
sediments (0 - 1 cm) collected in the northern basin (own unpublished data). Knowing k and 
FEXP, it is then possible to calculate FNCP as :  
FNCP = k x FEXP         (11) 
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and FCaCO3 as, 
 FCaCO3 = (1 – k) x FEXP         (12) 
6.4. Results 
6.4.1. Chemical variables 
Table 1. Maximum mixed  layer depth (MLD, m), discharge of the  inflowing rivers (Qriv) and the Ruzizi (Qruz) 
(m3 s‐1), pCO2 (ppm) and DIC concentration (mmol L‐1) in surface water (1 m), δ13C signature of the DIC (‰) in 
the mixed  layer (δ13C‐DIClake) and  inflowing rivers (δ13C‐DICriver, δ13C signature of the POC (‰)  in the mixed 
layer  (δ13C‐POClake),  and  the  air‐water  13C  disequilibrium  (δ13C‐diseq, ‰)  during  several  sampling  cruises 
carried out in Lake Kivu. 
 
Date MLD Qriv Qruz pCO2 DIClake δ13C-DIClake δ13C-DICriver δ13C-POClake δ13C-diseq 
March 07 30 84 92 584 11.755 4.1 -8.6 -23.4 -3.6 
Sept 07 57.5 79 66 765 12.399 2.6 -7.1 -24.1 -2.0 
June 08 52.5 85 20 605 12.203 3.3 n.d -23.4 -2.7 
April 09 35 86 100 711 12.053 3.4 -6.0 -22.6 -3.0 
Oct 10 50 82 101 657 12.033 3.0 -8.5 -23.1 -2.5 
June 11 35 85 20 458 12.012 3.8 n.d -24.1 -3.3 
Feb 12 45 81 83 884 12.367 2.8 n.d -23.0 -2.3 
Sept 12 65 79 66 805 12.363 2.4 n.d -25.4 -1.9 
 
DIC concentrations in surface waters averaged 12.2 ± 0.3 mmol L-1 (n = 8) in the main 
basin of Lake Kivu (Table 1) but were much lower in the inflowing rivers (on average 0.5 ± 
0.3 mmol L-1, n = 46). In surface waters (1 m depth) of the main basin of Lake Kivu, pCO2 
values were systematically above atmospheric equilibrium and varied between 458 ppm (June 
2011) and 884 ppm (February 2012) with an average of 684 ± 136 ppm (Table 1). The 
measured δ13C-DIC (average 3.2 ± 0.6 ‰, n = 8) ranged between 2.4 ‰ (September 2012) 
and 4.1 ‰ (March 2007), and the δ13C-POC averaged -23.6 ± 0.9 ‰ (n = 8) (Table 1). The 
mixed layer depth of Lake Kivu varied between 35 m (March & September 2007) and 60 m 
(June 2008 & September 2012) (Table 1). 
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Figure 2. Relation between the δ13C‐DIC in the mixed layer (‰) and (a) the maximum mixed layer depth (m) 
and (b) the pCO2 (ppm) during the sampling cruises carried out between March 2007 and September 2012 in 
Lake Kivu. 
Negative relationships between the δ13C-DIC and the mixed layer depth (Figure 2a, 
model I linear regression ; r2 = 0.80, p < 0.01, n = 8) and between the δ13C-DIC and the pCO2 
in the mixed layer (Figure 2b, model I linear regression ; r2 = 0.83, p < 0.001, n = 8) have 
been found during this study. Several depth profiles performed in April 2009, October 2010 
and June 2011 revealed also a relationship between the concentration of DIC and the δ13C-
DIC below the mixed layer (Figure 3). These linear relations allowed to compute the δ13C 
signature of the net upward DIC flux (average – 4.9 ‰ ± 2.3, n = 3) using equation (8).  
6.4.2. DIC and 13C-DIC mass balance 
Monthly average wind speed showed little variability (ranging between 2.87 and 3.26 
m s-1). Therefore, the variations of the CO2 emission rates followed those of ΔpCO2 with 
higher FCO2 values (17.8 mmol m-2 d-1) in February 2012 and lowest FCO2 (3.0 mmol m-2 d-1) 
in June 2011 (average FCO2 = 11.2 ± 4.9 mmol m-2 d-1, n = 8) (Table 2). The Qriver was highly 
variable and influenced by the seasonal changes in the intensity of precipitation (Table 1). The 
FDIC_river (1.1 ± 0.5 mmol m-2 d-1, n = 8) followed the variability in Qriver and ranged between 
0.3 mmol m-2 d-1 in June 2008 and 2011, during the dry season, and 1.7 mmol m-2 d-1 in May 
2009 and October 2010, during the rainy season (Table 2). In contrast, the water outflow 
through the Ruzizi was much less variable and, because of the higher concentration in DIC in  
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Figure 3. Relation between  the δ13C‐DIC  (‰) and the DIC concentration  (mmol m‐3) below  the mixed  layer 
(and down to 80 m), measured along several depth profiles performed in the water column of Lake Kivu in 
April 2009, October 2010 and June 2011. 
the lake than in the inflowing rivers, FDIC_ruzizi was consistently much larger than FDIC_river, 
being one order of magnitude higher (Table 2). It ranged between 35.5 mmol m-2 d-1 in 
September 2012 and 38.0 mmol m-2 d-1 in May 2009 (36.6 ± 0.9 mmol m-2 d-1, n = 8). Given 
the small contribution of the inflowing rivers, an important vertical input of DIC to the mixed 
layer from the monimolimnion is needed to balance the budget. This input was one of the 
closing terms of the model, it was estimated at 73.8 ± 7.0 mmol m-2 d-1 (n = 8) and was the 
largest flux of the budget (Table 2). However, the upward flux of DIC from the 
monimolimnion was relatively depleted in 13C, as shown by figure 3. The FNCP flux, the 
second of the closing terms of the model, was always positive : it was estimated at 25.7 ± 2.9 
mmol m-2 d-1 (n = 8) (Table 2), and hence would counterbalance the input of 13C-depleted 
DIC through the upward flux, as the δ13C-POC (-23.6 ± 0.9 ‰, n =8) was consistently much 
lower than the δ13C-DIC originating from the monimolimnion (–4.9‰ ± 2.3). Lastly, the 
FCaCO3 was estimated at 1.3 ± 0.1 mmol m-2 d-1 (n = 8) (Table 2).  
Table 2. Summary of the carbon fluxes (F) estimated  in the mixed  layer of Lake Kivu between March 2007 
and September 2012, using the DIC and DI13C budgets together to solve for FDIC_upward, and FNCP and FCaCO3 (see 
the text in material and methods for more details). All fluxes are expressed in mmol m‐2 d‐1. 
Date FDIC_river FDIC_upward FCO2 FDIC_ruzizi k FNCP FCaCO3 
March 07 1.5 68.5 7.3 36.1 0.95 25.3 1.3 
Sept 07 1.1 74.4 13.9 35.6 0.95 24.7 1.3 
June 08 0.3 71.8 8.4 37.6 0.95 24.9 1.3 
April 09 1.7 81.3 13.1 38.0 0.95 30.3 1.6 
Oct 10 1.7 71.8 10.6 36.1 0.95 25.4 1.3 
June 11 0.3 62.4 3.0 37.0 0.95 21.6 1.1 
Feb 12 1.4 84.6 17.8 36.7 0.95 29.9 1.6 
Sept 12 1.1 75.3 15.8 35.5 0.95 23.9 1.3 
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6.5. Discussion 
6.5.1. pCO2 variability 
The amplitude of the seasonal variations of pCO2 in the main basin of Lake Kivu was 
426 ppm. Such seasonal amplitude of pCO2 is relatively low compared to temperate and 
boreal lakes, where it is usually between ~500 ppm (Atilla et al. 2011) and >1000 ppm (Cole 
et al. 1994, Kelly et al. 2001) and even up to ~10,000 ppm in small bog lakes (Riera et al. 
1999). The lower amplitude of seasonal variations of the pCO2 in lake Kivu might be related 
to the tropical climate leading only to small temperature seasonal variations of surface water. 
Indeed, temporal temperature fluctuation in surface waters of Lake Kivu was 1.1°C on 
average during the five cruises from March 2007 and October 2010 (Thiery et al. 2014). Also, 
the variability of the mixed layer depth was relatively modest, from 30 m to 65 m during this 
study, and despite the appearance of an “endless summer” (Kilham & Kilham 1990), short 
mixing events can occasionally disrupt the thermal stratification of the mixolimnion because 
the density gradient in surface waters is always weak (Darchambeau et al. 2014). The 
deepening of the mixed layer and entrainment of deeper waters to the surface mixed layer was 
shown to be main driver of the seasonal variations of CH4 concentrations in the mixed layer 
of lake Kivu (Borges et al. 2011). The negative relationships observed between the δ13C-DIC 
and the mixed layer depth (Figure 2a), or pCO2 (Figure 2b), also suggest that the input of 
CO2-rich and 13C-depleted deep waters during partial mixing of the water column was a major 
driver of the variability of measured pCO2 in surface waters. Furthermore, compared to 
temperate and boreal lakes, the seasonal variations of biological activity are less marked due 
to relatively constant temperature and light, and also there is an absence of large CO2 inputs to 
surface waters such as those occurring in temperate or boreal systems during seasonal lake 
overturns or when ice melts.  
6.5.2. C mass balance and net metabolic status of the mixed layer 
Using the same approach as Quay et al. (2003, 2009), the combination of both the DIC 
and DI13C budget in the mixed layer allowed us to quantify three keys C fluxes : the DIC 
supply from the monimolimnion through physical process (FDIC_upward), and the net 
community production (FNCP) and the inorganic C export (FCaCO3) fluxes to the 
monimomlimnion. It was assumed that changes in DIC concentration and δ13C-DIC in the 
mixed layer were insignificant after one complete annual cycle (i.e. steady state) and that the 
8 cruises adequately covered the seasonal variability of pCO2 and δ13C-DIC. One of the main 
advantages of this method of calculation is that it is possible to close the budget without 
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having to estimate a priori the vertical advection and turbulent diffusion coefficient. Another 
interesting characteristic of this method is that δ13C-DIC measurements are tracing net 
community production rates over longer temporal and larger spatial scales that other methods, 
such as bottles incubation measurements that have daily integration times (Quay et al. 2009). 
Figure 4 shows the magnitude of several C fluxes in the mixed layer of Lake Kivu 
assessed from the DIC and DI13C mass balance approach. The average FCO2 in the main basin 
of Lake Kivu computed during this study was 11.2 mmol m-2 d-1, which is lower than the 
global average for freshwater lakes of 16.0 mmol m-2 d-1 reported by Cole et al. (1994), and 
the average for saline lakes ranging between 81 and 105 mmol m-2 d-1 reported by Duarte et 
al. (2008). Cross system regional analysis show a general negative relationship between pCO2 
and lake surface area (Alin and Johnson 2007), and a positive relationship between pCO2 and 
dissolved organic C concentration (DOC) concentration (Lapierre et al. 2012). 
The low pCO2 and FCO2 values in Lake Kivu are consistent with these general 
patterns, since this is a large lake (>2000 km2) where DOC concentration is relatively low ~ 
0.14 mmol C L-1, see Chapter 2). The FCaCO3 computed from the mass balance during this 
study (1.3 ± 0.1 mmol m-2 d-1) was higher than the total inorganic C (TIC) average fluxes in 
sediment traps (2006-2008) ranging from 0.3 mmol m-2 d-1 (at 50 m depth) to 
 
 
 
 
 
 
 
 
 
 
 
 
0.5 mmol m-2 d-1 (at 130 m depth) reported by Pasche et al. (2010). The FCaCO3 value was 
closer to the TIC deposition fluxes in the top of several sediment cores (core depth smaller 
than 10 cm) estimated at 2.7 mmol m-2 d-1 by Pasche et al. (2010). However, as stipulated in 
the last paragraph, this mass balance approach does not allow to assess short term variation in 
Mixed layer 
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FDIC_river 
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73.8 ± 7.0 
Figure 4. Average carbon fluxes (in bold) in the mixed layer of Lake Kivu determined from the DIC and DI13C 
budget based on data acquired during 8 sampling cruises carried out between March 2007 and September
2012 (see material and methods for details). All fluxes are expressed in mmol m‐2 d‐1. 
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the magnitude of the computed flux. Hence, the occurrence of punctual events characterized 
by a sharp increase of the inorganic C precipitation related, for example, to an abrupt change 
in surface temperature or phytoplankton productivity, cannot be excluded. Nevertheless, 
inorganic C precipitation seems to be a relatively important C flux in Lake Kivu, being 
equivalent to the DIC input from the watershed through the inflowing rivers (1.1 ± 0.5 mmol 
m-2 d-1).  
Phytoplankton production rates in Lake Kivu has been recently reviewed by 
Darchambeau et al. (2014). These authors reported a dataset including 96 primary production 
rates, measured bi-weekly between 2002 and 2008 with the 14C-incubation technique. They 
estimated the mean annual production at 17.75 mol C m-2 yr-1, which is equivalent to 49 mmol 
C m-2 d-1 when expressed on a daily basis. Comparison with the few historical data available 
(86-120 mmol C m-2 d-1, Degens et al. 1973 ; 55-86 mmol C m-2 d-1 Jannasch 1975 ; 27 mmol 
C m-2 d-1 Descy 1990) allowed Darchambeau et al. (2014) to conclude that there was no 
significant change in lake productivity during the last 40 years. Assuming steady-state the 
FNCP should be equivalent to the sedimenting organic C flux. The export ratio (ER) is the 
fraction of primary production that is exported from surface to deep waters (i.e. 
monimolimnion) and is an important metric of the net metabolism and overall C fluxes in 
aquatic systems. In lake Kivu, we computed ER as defined by Yamanaka & Tajika (1996), 
according to :  
ER = FNCP/PPP * 100         (13) 
Where FNCP is the net community production derived from the DIC and DI13C budgets  and 
PPP is phytoplankton primary production rates estimated by Darchambeau et al. (2014). It 
indicates that a large fraction of the primary production was exported to deep waters in lake 
Kivu, with average ER values for the 8 cruises estimated at 52 ± 6 %. This value is consistent 
with ER values as high as 50 % reported by Baines et al. (1994) for oligotrophic lakes. The 
FNCP flux determined with the DIC mass balance approach is only taking into account the C 
fixation in the mixed layer, mostly carried out by phytoplankton, but it was impossible to 
estimate chemoautotrophic and methanotrophic bacterial production rates below the mixed 
layer with this method. However, experiments performed in 2012 (chapter 4 and 5) showed 
that chemoautotrophic and methanotrophic bacterial production could represent a significant 
proportion of the C fixation in Lake Kivu, and hence the real sedimenting OC flux could 
possibly be higher than the FNCP value reported during this study, even if δ13C-POC analysis 
of the sinking POC (-24.4 ± 1.0 ‰, data not shown) suggests that the relative contribution of 
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CH4-derived C to the sedimenting OC flux is minimal. Nevertheless, this study demonstrates 
that Lake Kivu represents an example of a large, tropical lake acting as a source of CO2 to the 
atmosphere, despite having a net autotrophic mixed layer. Since the mixed layer of Lake Kivu 
is net autotrophic, the CO2 emission to the atmosphere must be sustained by external DIC 
inputs. The DIC inputs from the inflowing rivers is constantly low because of the very low 
ratio of catchment surface area : lake surface area, and cannot sustain the CO2 emission to the 
atmosphere unlike the hard water lakes studied by Finlay et al. (2010) and Stets et al. (2009). 
Therefore, the CO2 emission is sustained by DIC inputs from the monimolimnion in lake 
Kivu, and this DIC is mainly geogenic and originates from deep geothermal springs (Schmid 
et al. 2005). Surface waters of 93% of the lakes in the compilation of Sobek et al. (2005) were 
over-saturated in CO2 with respect to the atmospheric equilibrium. Hence, it appears that the 
majority of lakes globally act as a CO2 source to the atmosphere. These emissions to the 
atmosphere have been frequently explained by the net heterotrophic metabolic status of lakes 
sustained by terrestrial organic C inputs (Cole and Caraco 2001, Prairie et al. 2002, Sobek et 
al. 2005). While this paradigm undoubtedly holds true for small boreal humic lakes, it may 
not hold for oligotrophic, larger lakes. Karim et al. (2011) showed that surface waters of very 
large lakes such as the Laurentian Great Lakes are at equilibrium with atmospheric CO2 and 
O2. This is consistent with the negative relationship between pCO2 and lake size reported in 
several regional analyses (Kelly et al. 2001), and with the positive relationship between pCO2 
and catchment area : lake area reported for Northern Wisconsin lakes (Hope et al. 1996). 
Also, in some lakes among which hard-water lakes, the magnitude of CO2 emissions to the 
atmosphere appears to depend mainly on hydrological inputs of DIC from rivers and streams 
(Finlay et al. 2010) or ground-waters (Striegl and Michmerhuizen 1998), rather than on lake 
metabolism. Some of these hard-water lakes were actually found to be net autotrophic, despite 
acting as a source of CO2 to the atmosphere (Finlay et al. 2010). 
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Chapter 7. General discussion and conclusions 
7.1. How could latitude affect the net metabolic status of large lakes of the 
world 
During the last decade, several literature reviews revealed that organic matter (OM) 
respiration tends to exceed autochtonous primary production in most oligotrophic and 
unproductive aquatic systems, which are then characterized as net heterotrophic. In contrast, 
eutrophic ecosystems would tend to be net autotrophic. Based on an extensive set of 
measurements in freshwater lakes (n = 82) , Duarte & Agusti (1998) proposed that a 
volumetric gross primary production rate of at least 31 mmol C m-3 d-1 is required to balance 
the bacterial carbon demand, or in other words, for a freshwater system to be net autotrophic 
(discussed in details by Duarte & Prairie 2005). If we consider this threshold value to be 
constant in the euphotic zone of Lake Kivu (18 m, Darchambeau et al. 2014), it would be 
approximately 5 times higher (558 mmol C m-2 d-1) than estimate of total primary production 
(tPP: 105 mmol C m-2 d-1), strongly suggesting that the lake would be net heterotrophic (tPP 
is defined as the sum of the particulate and dissolved primary production, assuming a PER of 
53%, see Chapter 3). However, in Chapter 2, 3, and 6, this study provides several lines of 
evidence showing that the mixed layer of Lake Kivu is actually net autotrophic, in deep 
contrast to the common assumption that oligotrophic waters are net heterotrophic (del Giorgio 
& Peters 1993, Cole 1999, Duarte & Prairie 2005, Cole et al. 2007) and the results expected 
from the data compilation of Duarte & Agusti (1998). Indeed, most of the data used to 
construct this relationship between the metabolic status and the productivity of a system were 
gathered in small to medium sized (humic) lakes (< 250 km²) located in the temperate or 
boreal regions, and might not directly apply to large tropical lakes. The following paragraphs 
discuss the effect of several morphometric parameters and environmental variables related to 
the latitude that might cause the net metabolic status of Lake Kivu to be net autotrophic 
despite opposite predictions. 
Net heterotrophy implies that heterotrophic prokaryotes rely on a substantial amount 
of allochthonous OM. In Lake Kivu, riverine inputs of dissolved (DOM) and particulate 
(POM) allochtonous organic matter from the catchment (0.7 – 3.3 mmol m-2 d-1, Chapter 6, 
Borges et al. 2014) are minimal compared to the total primary production (105 mmol m-2 d-1). 
Indeed, the magnitude of allochthonous OM inputs relative to phytoplankton production 
depends strongly on the catchment to surface area ratio (Urban et al. 2005), that is particularly 
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low (2.2) in Lake Kivu. Therefore, Lake Kivu is relatively organic poor with dissolved 
organic carbon (DOC) concentrations of ~ 0.2 mmol L-1 in contrast with smaller boreal humic 
lakes with DOC concentrations on average of ~1 mmol L-1 (Sobek et al. 2007), and with 
values up to ~4.5 mmol L-1 (Weyhenmeyer & Karlsson 2009). Humic substances are usually 
low quality substrates for bacterial growth, but restrict phytoplankton production by absorbing 
the light. Hence, heterotrophic production in the photic zone of humic lakes usually exceed 
phytoplankton production and DOC concentration has been found to be a good predictor of 
the metabolic status of lakes in the boreal region, with a prevalence of net heterotrophy in 
organic rich lake (Jansson et al. 2000).  
However, low allochthonous OM inputs and low DOC concentration does not 
necessary cause a system to be net autotrophic. For instance, Lake Superior has a lower 
catchment to surface area ratio (1.6), is subsidized by a similar amount of allochthonous OM 
(~ 3 mmol m-2 d-1) and the DOC concentration in its water is even lower than in Lake Kivu (~ 
0.1 mmol L-1), but it has been found to be net heterotrophic despite the limited amount of 
allochthonous OM that it received (Urban et al. 2005). Lake Superior, as the majority of the 
lakes of the world, is holomictic, meaning that the mixing of its water column can seasonally 
reach the lake floor, and a substantial amount of sediments, including OM, could then be 
resuspended during these mixing events and hence re-exposed to microbial mineralization in 
well-oxygenated waters (Meyers and Eadie 1993, Cotner 2000, Urban et al. 2004, 2005). The 
resuspension of benthic sediments could be important in the ecological functioning of these 
systems. It has been estimated that the major part of the particulate organic carbon (POC) 
pool in Lake Superior derived from benthic sediments; and a major sediment resuspension 
event during winter, in Lake Michigan, has simultaneously triggered an important increase in 
heterotrophic prokaryotes and a decrease in the water transparency and autotrophic biomass, 
inducing a temporal uncoupling between the phytoplankton and heterotrophic components of 
the food web (Cotner et al. 2000).  
In constrast, Lake Kivu, as lakes Tanganyika and Malawi, is a particularly deep 
meromictic lake, so that its water column is characterized by an almost complete decoupling 
between the surface and deep waters, avoiding any resuspended benthic sediment to reach the 
surface waters in this system. In consequence, the coupling between the phytoplankton 
production of DOM and its heterotrophic consumption by prokaryotes in the clear, nutrient-
depleted waters of Lake Kivu was found to be high all over the year (Chapter 3). 
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 Besides morphometrical features, the net autotrophic status of Lake Kivu might also 
be related to some latitude-related environmental parameters. Alin and Johnson (2007) 
reviewed phytoplankton primary production and CO2 emission to the atmosphere fluxes in 
large lakes of world (> 250 km²). At the global scale, they found a statistically significant 
positive relationship between the areal phytoplankton production in large lakes and the mean 
annual water temperature (r2 = 0.72, p > 0.0001, n = 29 ; Fig. 1a) and the insolation (r2 = 0.71, 
p > 0.0001, n = 39 ; Fig 1b); and in consequence, a significant decrease of phytoplankton 
production with latitude (r2 = 0.79, p > 0.0001 ; n = 39). Also, they report a significant 
decrease of the CO2 emission to the atmosphere with the mean annual water temperature (r2 = 
0.31, p = 0.0025 ; n = 27) and therefore an increase of the CO2 emission with the latitude (r2 = 
0.30, p = 0.0016 ; n = 31). According to their calculations, less than 20% of the phytoplankton 
primary production would be sufficient to balance the carbon loss through CO2 evasion and 
OM burial in sediments in large lakes located between the equator and the latitude 30°, but 
the CO2 emission and OM accumulation in sediments would exceed the phytoplankton 
primary production in systems located at latitude higher than 50° (Fig. 1c), highlighting the 
importance of allochthonous organic matter in these systems.  
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Figure 5. Relationship between the phytoplankton production and (a) the insolation and (b) the mean annual 
water temperature (MAWT) in large lakes of the world, adapted from Alin and Johnson (2007). Illustration (c) 
of the percentage of phytoplankton production needed to balance the carbon  loss trough CO2 evasion and 
OM burial  in sediments  in a set of  lakes classified following their  latitude, adapted from data published by 
Alin and Johnson (2007). Phytoplankton production data from Alin & Johnson (2007) were estimated using 
different methodologies (14C uptake or O2 changes incubations) and would then represent a mix of net and 
gross rates. 
In addition to the higher phytoplankton production in the tropics demonstrated by Alin 
and Johnson (2007), our study (Chapter 3) suggests that the percentage of phytoplankton 
extracellular release (PER) is comparatively higher in oligotrophic tropical lakes than in their 
temperate counterparts, strengthening even more the coupling between phytoplankton and 
heterotrophic prokaryotes in large tropical lakes through the release of a high amount of labile 
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DOM. This pattern is consistent with the higher and relatively constant irradiance distinctive 
of tropical environments, which promotes phytoplankton excretion (Chapter 3). Overall, in 
morphometrically comparable systems, this global pattern suggests a trend from autotrophic 
to increasingly heterotrophic conditions with increasing latitude and decreasing mean annual 
water temperature and insolation (Alin and Johnson 2007). It also implies that the reliance on 
allochthonous carbon sources in large lakes is increased at higher latitudes (Alin and Johnson 
2007).  
Therefore, our study tends to support the view that paradigms established with data 
gathered in comparatively small temperate lakes may not directly apply to larger, tropical 
lakes (Bootsma & Hecky 2003) and highlights the necessity to consider the unique 
limnological characteristics of a vast region of the world that harbours 16% of the total 
surface of lakes (Lehner & Döll 2004), and would account for 50% of the global inputs of 
OM from continental waters to the oceans (Ludwig et al. 1996). 
7.2. The importance of methanotrophy, chemoautotrophy, and anoxygenic 
photosynthesis in the ecosystem functioning of Lake Kivu 
 With the exception of the Kabuno Bay basin, characterized by a shallower and well-
illuminated redoxcline, significant rates of anoxygenic photosynthesis were never 
encountered in Lake Kivu during our occasional field campaign in 2012 (Chapter 5). 
However, bacteriochlorophyll was detected in the main basin of Lake Kivu at several 
occasion at the end of the rainy season (April – May 2003, May 2009), when the oxycline is 
at its shallowest position (Hugo Sarmento, pers. com.).  This might be related to the very low 
light availability at the oxic-anoxic transition zone in Lake Kivu. Indeed, considering a mean 
light attenuation coefficient of 0.26 m-1 (Darchambeau et al. 2014), the light intensity at the 
oxic-anoxic transition zone was estimated at 6.66x10-3 µmol photon m-2 s-1 in February 2012 
and 3x10-5 µmol photon m-2 s-1 in September 2012, well below the values reported in the 
chemocline of the Black Sea (~0.18 µmol photon m-2 s-1) and Lake Matano (~0.12 µmol 
photon m-2 s-1), where low-light adapted Chlorobi members were identified (Marschall et al. 
2010, Crowe et al. 2014). It might be hypothesized that Chlorobi developed in the main basin 
of Lake Kivu only at the end of the dry season, when the oxycline the transparency of the 
water and the position of the oxycline is the most favourable for their growth. 
In contrast, methanotrophy and chemoautotrophy appeared to be significant processes 
in the main basin of Lake Kivu. Together, vertically-integrated methanotrophic and 
chemoautotrophic C fixation in the microbial biomass during the rainy (31.2 mmol m-2 d-1) 
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and the dry season (42.5 mmol m-2 d-1) were equivalent to approximately 30 % – 40 % of the 
total phytoplankton primary production (105 mmol m-2 d-1, assuming a PER of 53 %, see 
Chapter 3).  
Almost the totality of the upward CH4 flux was found to be aerobically oxidized by 
the methanotrophic bacterial community, dominated by type I methanotrophs. Furthermore, 
an abundant methanotrophic biomass was found in the oxycline throughout the year, as 
revealed by the low δ13C signature of POC (see Chapter 4). Isotope mixing calculations 
showed that between 4% and 6% of the POC in the mixolimnion derived from CH4 
incorporation into the biomass, but the contribution of CH4-derived carbon to the POC pool 
could locally reach values as high as 50 %, as measured in the oxycline during the dry season. 
However, it is still unclear to which extent the C fixed in the redoxcline by methanotrophs and 
chemoautotrophs is transferred to higher trophic levels. δ13C analyses revealed that the 
contribution of CH4-derived carbon to zooplankton biomass is insignificant. Furthermore, 
preliminary δ13C results from a 40 cm-long sediment core gathered in the Northern Basin of 
Lake Kivu showed that the δ13C-TOC in sediments (-24.5 ± 0.9‰, n = 132, Fig. 2a) varied 
little and was close to the δ13C signature of the POC in the mixed layer (-23.8 ± 0.8‰, see 
Chapter 2), suggesting that CH4-derived carbon does not contribute significantly neither to the 
sedimenting OM flux (Fig. 2a).  
 Measurements of the relative concentration of phospholipid fatty acids (PLFA) 
suggested that the bacterial community composition is structured vertically in the water 
column, including the redoxcline. The relatively high dark CO2 fixation rates measured during 
this study were in the same range than those reported from H2S-rich marine redoxcline, such 
as the Black Sea (Grote 2008), the Baltic Sea (Jost et al. 2008) and the Cariaco Basin (Taylor 
et al 2001). As observed in these marine systems, the maximal chemoautotrophic activities in 
Lake Kivu were measured in O2-depleted and sulfidic waters, well below the oxycline. It was 
not possible to accurately identify the organisms responsible for the chemoautotrophic C 
fixation during this study, perhaps due to the low phylogenetic resolution of our PLFA 
analysis. However we may hypothesize that prokaryotes involved in the processing of sulphur 
and nitrogen species must play an important role at the bottom of the redoxcline of Lake 
Kivu. 
 Methanotrophy and chemoautotrophy in the pelagic redoxcline may affect the 
ecological functioning of Lake Kivu in several ways. First, as discussed above and in the 
chapters 4 and 5, these processes might represent alternative sources of autochtonous OM for 
higher trophic levels, besides oxygenic photosynthesis carried out by phytoplankton in the 
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surface waters. However, they could exert an indirect control on phytoplankton production by 
limiting the amount of inorganic nutrients that reach the illuminated surface waters (Hecky 
and Haberyan 1987). This seems to be specially important in the large East African Rift lakes 
where internal nutrient loading via upward fluxes is of major importance for phytoplankton 
growth (Kilham and Kilham 1990 ; Pasche et al. 2009). For instance, if the methanotrophic 
and chemoautotrophic uptake of dissolved inorganic phosphorus (DIP) follows Redfield 
stoechiometry (C:P = 106:1), DIP uptake in the redoxcline would have approximated 0.29 
mmol m-2 d-1 and 0.40 mmol m-2 d-1 in February and September 2012, respectively. This DIP 
uptake flux is higher than the mean upward DIP flux of 0.08 mmol m-2 d-1 estimated by 
Pasche et al. (2009), highlighting the strength of the constraint they might exert on nutrient 
availability in the mixed layer, but also suggesting that a substantial amount of DIP is actively 
recycled in the redoxcline to sustain the chemoautotrophic demand. Secondly, aerobic CH4 
oxidation and chemoautotrophic processes would participate substantially to the O2 
consumption in the water column, and hence they would contribute to the seasonal uplift of 
the oxycline observed after the re-establishment of the thermal stratification during the rainy 
season. Shallower oxic zone during the rainy season might have several implications for the 
ecological functioning of Lake Kivu. Among them, the habitat compression endured by 
pelagic zooplankton species as a result of hypoxia would reduce the extent of vertical 
migration, and might thus significantly increase the predation pressure on larger zooplankton 
individuals during the rainy season (Isumbisho et 2006).   
Climate change has been identified as the main the cause of the decrease of the oxygen 
content of the oceans since the warming of surface waters leads to an increased difference in 
water density that reduces the vertical penetration of oxygen (Keeling and Garcia 2002). In 
the East African region, records of air temperature show that temperature has risen by 0.5-
0.7°C during the 20th century, consistently with the global increase pattern (O’Reilly et al. 
2003). In consequence, climate warming has been recently found to strengthen the vertical 
stratification and to affect the ecological functioning of another large and deep East African 
lake, the neighboring Lake Tanganyika (Verburg and Hecky 2009), but it is still unclear how 
climate change would affect Lake Kivu specifically. Nevertheless, results gathered during this 
study might allow to suggest several hypothesis, assuming a constant inflow from the 
subaquatic spring.  
As observed in Lake Tanganyika, the warming of the surface waters of Lake Kivu 
would lead to an increase of the thermal and density gradient within the mixolimnion, 
strengthening the stratification. This will directly constrain the potential for partial mixing 
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events during the rainy season, and therefore reduce the amount of inorganic nutrients that is 
punctually delivered in the illuminated mixed layer, but also prevent episodical intrusion of 
O2 in the redoxcline. Moreover, O2 solubility decreases at higher temperature, and it is likely 
that more stable stratification conditions would further reinforce the importance of 
methanotrophy and chemoautotrophy in the redoxcline, which might ultimately lead to a even 
more pronounced uplift of the oxycline toward shallower waters during the rainy season. 
Therefore, the increased physical (density gradient) and biological (methanotrophy and 
chemoautotrophy) constraints on the upward inorganic nutrient fluxes might together 
accentuate the nutrient limitation in the mixed layer and therefore negatively affect the 
phytoplankton productivity, as recently suggested in Lake Tanganyika and Lake Malawi 
(Verburg and Hecky 2009). Conversely, the combination of an increased water transparency 
due to the lower phytoplankton biomass with a more stable stratification during time, and a 
shallower minimal depth of the oxycline, might induce a change in the bacterial community 
composition at the redoxcline. These environmental conditions would notably favour the 
occurrence of anoxygenic phototrophic bacteria, which require light, anoxic and euxinic 
waters.  
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Figure 6. Vertical profile  in a 40‐cm sediment core of the (a) δ13C‐TOC and (b) the relative concentration of 
isorenieratene, a biomarker pigment for anoxygenic phototrophs (modified from Herman 2012). 
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Indeed, despite the fact that bacteriochlorophyll-e containing phototrophs were not 
encountered in the main basins of Lake Kivu during our occasional field campaigns (in 2012), 
significant concentrations of isorenieratene, a pigment used as biomarker for anoxygenic 
phototrophic bacteria (Castaneda et al. 2011), were occasionally measured in sedimentary 
records (Fig. 2b, Herman 2012). Due to the metabolic requirements of anoxygenic 
phototrophs, the presence of isorenieratene in sediments has been usually interpreted as a 
proxy for photic zone anoxia (van Breugel et al. 2005). The distribution of this pigment in the 
sediment core from Lake Kivu was not constant, being even sometimes undetectable (Fig. 2b, 
Herman 2012). Overall, these data might suggests that changes related to the water column 
stratification might have already occurred in the recent history in Lake Kivu, with periods 
probably characterized by more stable density gradient and shallower anoxic zone compared 
to the present time. Nevertheless, the drivers of the past variations in stratification stability are 
unknown. The sedimentary records of Lake Kivu probably hold valuable information about 
the paleolimnological conditions in Lake Kivu that still need to be understood in more details. 
In the context of climate changes, these data might be crucial to predict and anticipate future 
change in the ecological functioning of the lake, especially regarding its productivity. 
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Teaching activities, student supervision 
Master thesis supervision 
Herman, M. (2012). Inferring recent environmental changes in Lake Kivu by a study of 
sediments. Master thesis presented for the obtention of the degree of master in Bioengineering 
sciences. KU Leuven, Faculty of Bioscience Engineering 
Montante, L. (2012). Abondance et diversité microbiennes liées à l’oxydation du methane 
dans le lac Kivu (Afrique de l’Est). Master thesis presented for the obtention of the degree of 
master in Biology and Ecology. Université Catholique de Louvain, Ecole de Biologie 
Invited speaker by Prof J-P. Descy (UNamur). Lecture on “fundamentals of microbial ecology 
in aquatic ecosystems”. 
Field experience 
Participation to 5 different sampling cruises (CaKi and EAGLES projects) in Lake Kivu 
(Rwanda, Democratic Republic of Congo) between April 2009 and September 2012. 
Participation to one sampling cruise in Lake Edward, Lake Albert, and Lake Victoria 
(Uganda) in May 2012. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
